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ABSTRACT 

 

The effect of prenatal docosahexaenoic acid supplementation on breast milk fatty 

acid composition and morbidity and immune function in Mexican infants: a double-

blind randomized, controlled trial 

 

By 

 

Beth Imhoff-Kunsch 

 

 

Docosahexaenoic acid (DHA, 22:6n-3), an omega-3 polyunsaturated fatty acid (PUFA) 

found in high concentrations in brain and retinal cell membranes, accumulates rapidly in 

neural tissue during later gestation and infancy.  DHA is also found in cells of the 

immune system and modulates immunity and inflammation through mechanisms 

including modulation of gene expression, alteration of cell membrane structure and 

function, and subsequent modification of cytokine and eicosanoid profiles and alteration 

of lipid raft structures.  DHA is preferentially transferred across the placenta and is 

present in breast milk, and availability of DHA to the developing fetus and its 

concentration in breast milk is primarily dependent upon maternal diet.  Pre-formed DHA 

is found in high concentrations in oily coldwater fish such as salmon and herring, and 

dietary intake of DHA-rich foods in many populations of pregnant and lactating women 

is inadequate.  Infants are born with immature immune systems and are therefore more 

susceptible to infectious disease, a leading cause of morbidity and mortality in children 

the developing world.  The substantial impact of nutritional status on infectious disease is 

well known and is especially important in children. 

 

Given the import role of DHA in child development and immune function, we 

investigated the effect of DHA in pregnancy on breast milk PUFA concentrations, infant 

morbidity and infant response to hepatitis B and tetanus vaccination.  In a double-blind 

randomized, controlled trial in Mexico, 1040 pregnant women were supplemented daily 

with 400 mg algae-derived DHA or placebo from 18-22 weeks’ gestation through 

parturition.  We found that DHA supplementation improved breast milk DHA 

concentration at 1 month post-partum and overall, reduced the duration of illness 

symptoms in infants.  Additionally, infants in the DHA group had lower mean 

concentrations of anti-hepatitis B IgG antibody at 3 months of age, after vaccination at 

birth and at 2 months. 

 

Our findings contribute to the mounting evidence that perinatal n-3 PUFA nutriture, 

including in utero exposure and exposure through breast milk, may influence the 

development and maturation of fetal and infant immune response.  Additionally, we 

report novel findings about the influence of DHA in pregnancy alone on breast milk 

DHA concentrations.   
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CHAPTER 1:  INTRODUCTION 

 

Worldwide, infection is the leading cause of mortality in children <12 months of 

age (1).  Immune responsiveness to agents that cause infections such as diarrheal 

diseases, acute respiratory infections, measles and malaria is essential for child health and 

survival.  While infections are the leading cause of infant death in developing countries, 

more than half of all deaths among children <5 years of age are associated with 

malnutrition (1).  Undernourished children are more susceptible to infection and suffer a 

higher burden of morbidity and mortality.  This vicious nutrition-infection cycle can 

negatively affect both nutritional status and immune function.  Malnutrition impairs 

immune function, causing an increased susceptibility to infection; in turn, infection can 

negatively alter nutritional status (2).  Infection can cause anorexia, malabsorption of 

nutrients, changes in intestinal integrity and diarrhea, all of which negatively influence 

nutritional status (2).  Infection can also deplete specific nutrients, such as vitamin A, 

iron and zinc, and deficiencies in these micronutrients can further impair immune 

function (3, 4).  Supplementation with micronutrients such as vitamin A and zinc has 

been shown to influence morbidity and mortality in children.  For example in children, 

these micronutrients have been shown to decrease child mortality (vitamin A), enhance 

response to hepatitis B, tetanus, diphtheria and measles vaccination (vitamin A), decrease 

the incidence and severity of diarrheal illness (zinc and vitamin A), decrease the severity 

of morbidity from measles (vitamin A) and decrease the risk of fever and clinical malaria 

episodes (vitamin A + zinc, vitamin A) (5-14).  The well known cycle of infection and 

malnutrition is an important determinant of child health and survival in many developing 
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countries, and a child’s ability to effectively combat infection can be influenced by in 

utero and early childhood nutritional exposures.   

Early life nutrition, including in utero nutriture, can influence child health and 

development.  Numerous studies examining the influence of maternal nutritional status 

during pregnancy on immune function in the child have provided evidence of in utero 

“fetal programming” of immune function (11, 15, 16).  Tielsch et al. showed that children 

born to vitamin A deficient women, as evidenced by night blindness during pregnancy, 

suffered an increased risk of diarrhea, acute respiratory infection and dysentery compared 

to children born to women without night blindness (11).  In a study of multiple-

micronutrient supplementation in pregnancy conducted in Nepal, preterm infants of 

mothers supplemented with vitamin A and folic acid, iron, or folic acid + zinc 

experienced a decreased risk of mortality in the first three months of life (17).  Because 

the immune system begins to develop in utero and continues to develop rapidly in the 

first year of life, infants are a vulnerable population born with immature immune systems 

and are unable to mount immune responses comparable to adults, rendering them 

especially susceptible to infection (18).  Long chain polyunsaturated fatty acids 

(LCPUFAs), which modulate immune function, may influence the development of the 

fetal and infant immune system. 

LCPUFAs, particularly docosahexaenoic acid (DHA, 22:6n-3) and arachidonic 

acid (AA, 20:4n-6), are integral for fetal neural and retinal development, accrete 

extensively in these tissues in the last trimester of pregnancy and are preferentially 

transported across the placenta to the developing fetus (19-24).  LCPUFAs serve as 

structural constituents of cell membranes and act as signaling molecules, thereby 
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modulating immune function and inflammation.  Specifically, LCPUFAs modulate 

immune function and inflammation through modification of the LCPUFA content of cell 

membranes and subsequent alteration in eicosanoid synthesis and lipid raft structure, 

alteration of cell membrane fluidity, regulation of nuclear transcription factors, 

modification of cytokine production and modification of cell adhesion molecule 

expression (25-33).   

Although many studies in humans and animals have indicated that LCPUFAs 

modulate immune function, few studies have specifically addressed the independent 

effect of DHA on immune function.  In addition, while numerous studies have reported 

the effect of n-3 PUFAs supplementation on immune function in adults, few studies have 

evaluated the specific effect of DHA on infant immune response and morbidity (34-39).  

One study in which infants were assigned to receive either regular formula or formula 

supplemented with DHA and AA showed that the infants consuming the EFA-

supplemented formula had a decreased incidence of bronchiolitis/bronchitis (36).  A 

double-blind study in which children aged 36-49 months at risk of recurrent respiratory 

infections were given dietary EFA supplementation reported a reduction in the number of 

infective episodes, days with fever and days of school missed (35).  These and other trials 

indicate that n-3 PUFA supplementation in infancy or childhood might influence immune 

function; however, the effect of DHA nutriture in pregnancy on child immune function is 

yet unknown. This relationship is important because DHA intake is often inadequate in 

many populations of pregnant women. 

Dietary intake of n-6 PUFAs such as AA in populations worldwide is generally 

adequate while dietary intake of n-3 PUFAs such as DHA is often insufficient, especially 



4 

 

in pregnant women whose stores are mobilized for fetal growth (40, 41).  DHA is an n-3 

LCPUFA found primarily in coldwater fatty fish such as salmon, herring and tuna, and is 

present in low concentrations in other foods such as eggs and organ meats.  Many 

populations in both developed and developing countries consume low amounts of n-3 

PUFAs and are exposed to possible adverse effects during early human development 

(40).  Intake of n-3 LCPUFAs and DHA+ eicosapentaenoic acid (EPA, 20:5n-3) in the 

U.S. is 1.6 g/d and 0.1-0.2 g/d, respectively, and the ratio of dietary n-6:n-3 PUFAs is 

approximately 9.8:1 (42).  Populations living in coastal countries such as Japan and 

Norway, where fish is widely consumed, have higher dietary intake of n-3 PUFAs and 

correspondingly high concentrations of DHA in their breast milk (40, 43).  Although 

there is no official dietary recommendation from the Institute of Medicine for EPA and 

DHA intake in the United States, several groups suggest DHA intake of at least 200-220 

mg/d (up to 1 g/d) for pregnant and lactating women, and 2.7 g/d of n-3 PUFAs, and the 

suggested n-6:n-3 ratio is approximately 2-5:1 (41, 42).  Sufficient n-3 PUFA intake is 

especially important in pregnancy because maternal dietary intake directly influences 

infant status (24). 

Maternal DHA nutriture in pregnancy and breast milk DHA levels correspond 

positively with infant DHA status (44, 45).  LCPUFAs are present in breast milk and 

their concentration depends upon maternal stores, dietary intake and synthesis in the 

mammary glands; however, breast milk n-3 PUFA content is influenced most by dietary 

intake (46).  Further, fish oil supplementation in pregnancy and/or lactation improves 

maternal and infant DHA status (24, 46-49).  DHA concentration in breast milk has been 

shown to decrease between lactation weeks 6 and 30, and supplementation of lactating 
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women improves DHA breast milk concentrations; however, the effect of 

supplementation in pregnancy alone on breast milk n-3 PUFA profiles is less clear (50-

52).   Since the developing fetus and breastfed infant rely on maternal supply of DHA, 

adequacy of DHA in the maternal diet during pregnancy and lactation is critical. 

The central hypotheses of this dissertation, that DHA supplementation during 

pregnancy will improve breast milk DHA concentrations and modulate infant immune 

function, will be tested in the context of an ongoing double-blinded randomized, placebo-

controlled trial in Cuernavaca, Mexico in which pregnant women were supplemented 

daily with 400 mg DHA or placebo from 18-22 weeks’ gestation through parturition.  

This dissertation explores the effect of prenatal DHA supplementation on infant 

morbidity and immune response and on breast milk fatty acid concentrations at 1 month 

post-partum, which could influence infant immune function.  Specifically, this study was 

conducted to test the following hypotheses:   

1)  Women who receive DHA supplements from 18-22 weeks’ gestation through  

delivery will have higher DHA concentrations in breast milk at 1 month post-

partum than women who receive placebo; 

2)  Infants born to women who receive DHA supplements from 18-22 weeks’ 

gestation through delivery will experience less severe and fewer episodes of 

illness than infants born to women who receive placebo;   

3)  Infants born to women who receive DHA supplements from 18-22 weeks’ 

gestation through delivery will mount a different response to childhood hepatitis 

B and tetanus vaccination at 3 months than infants born to women who receive 

placebo. 
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This study will provide novel insight into the possible effects of DHA 

supplementation during pregnancy on infant morbidity and immune function.  This is a 

particularly relevant area of investigation because: 1) many populations in both 

developed and developing countries consume inadequate amounts dietary of n-3 PUFAs, 

2) the consumption of fish oil or DHA/EPA-enriched oils as supplements during 

pregnancy is gaining popularity in many developed countries and 3) maturation of 

immune response is an important factor for infant health (53).  The present study will also 

provide new information about the influence of DHA in pregnancy on breast milk n-3 

PUFA profiles, which is important because breast milk contains many 

immunomodulatory compounds that might be influenced by DHA and because breast 

milk is the only source of DHA for the breastfed infant (54).  

The following dissertation chapters include an overview of PUFAs including 

structure and function, dietary intake and recommendations, and PUFAs in pregnancy 

and lactation (Chapter 2), a review of literature regarding DHA and immune function 

(Chapter 3) and a detailed description of the study methodology including a description 

of the study population and setting, laboratory methods and statistical methods (Chapter 

4).  Chapters 5-7 include reports describing the influence of prenatal DHA 

supplementation on breast milk DHA concentrations (Chapter 5), infant morbidity 

(Chapter 6) and infant immune response to hepatitis B and tetanus vaccinations (Chapter 

7).  Finally, a summary of findings, overall conclusions and implications of our findings 

are presented in Chapter 8.  We expect that findings from this study will contribute new 

knowledge regarding the influence of prenatal DHA supplementation on infant immune 
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function and morbidity, and the influence of prenatal DHA intake on breast milk fatty 

acid composition. 
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CHAPTER 2:  LITERATURE REVIEW 

OVERVIEW OF n-3 POLYUNSATURATED FATTY ACIDS 

 

 

Essentiality, structure and metabolism of DHA 

Essential fatty acids (EFAs) cannot be synthesized de novo or inter-converted by 

the human body due to the lack of necessary enzymes and must therefore be obtained 

through the diet (24).  The two18-carbon EFAs α-linolenic acid (ALA,18:3n-3) and 

linoleic acid (LA, 18:2n-6) are termed n-3 and n-6 polyunsaturated fatty acids (PUFAs) 

because of the position of the first double bond in their hydrocarbon chain.  n-3 PUFAs 

are named as such because the first double bond occurs at the third carbon of the 

hydrocarbon chain; likewise, the first double bond of n-6 PUFAs is positioned at the 6
th

 

carbon (Figure 1).   

 

Figure 1: Docosahexaenoic acid structure 

 

 

The LCPUFAs docosahexaenoic acid (DHA, 22:6n-3) and eicosapentaenoic acid 

(EPA, 20:5n-3) can be synthesized from the parent EFA precursor ALA through a series 

of desaturation and elongation reactions that occur primarily in the endoplasmic 

reticulum and peroxisomes of the liver, though efficiency of conversion is limited 

(Figure 2) (55-59).  One study, in concurrence with several other studies, reported that 
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<0.1% of dietary ALA is converted to DHA in humans suggesting that DHA status is 

almost entirely dependent upon dietary supply of pre-formed DHA (55, 60).  Studies 

have suggested that conversion of ALA to DHA may be more efficient in women than in 

men due to the influence of hormones on the conversion processes (55, 61).  A recent 

review (2009) including 21 trials supported previous findings that conversion of ALA to 

DHA is limited in humans (59).  Overall, studies have shown that dietary 

supplementation of adults with ALA improves plasma EPA status but has little influence 

on DHA status.  Two studies that demonstrated improvement in plasma DHA status with 

ALA supplementation decreased intake of dietary LA as part of the intervention; hence, 

improvement in plasma DHA was also likely due to a concomitant decrease in n-6 PUFA 

consumption (59, 62, 63).  Studies indicate that infants convert ALA to DHA more 

efficiently than adults at an average of 1%, as evidenced by trials of ALA-

supplementation of infant formula (59, 64, 65).  DHA can be retro-converted to EPA at a 

rate in humans ranging from 1-12%, depending on dietary DHA consumption (56).  

Arachidonic acid (AA, 20:4n-6) and other n-6 LCPUFAs can be synthesized from LA 

using the same ∆6 and ∆5 desaturase and elongase enzymes needed to convert ALA to 

DHA; hence, the ratio of n-6 to n-3 PUFAs in the diet is important because of 

competition by substrates for the shared enzymes (28, 66, 67).  The ratio of n-6 to n-3 

PUFAs is also significant due to competition for incorporation into tissue lipids. 

DHA and other fatty acids are incorporated into membrane phospholipids, utilized 

for β-oxidation and are stored in adipose tissue, though DHA accounts for only 0.1% of 

fatty acids stored in adipose tissue (55).  Because adipose stores of DHA are low and 
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conversion of ALA to DHA is limited, adequate dietary intake of pre-formed DHA is 

essential.  

 

 

 

Dietary sources and recommended intake of DHA 

Pre-formed DHA is found in high concentrations in algae and coldwater oily fish 

such as herring, salmon and sardines, and in lower concentrations in eggs and meats 

including lamb and chicken (40).  Fish do not synthesize DHA from shorter chain 

precursor fatty acids rather, their flesh contains DHA because they consume algae.  

DHA’s precursor EFA ALA is found in high concentrations in flax and its oil (linseed 

Figure 2.  Metabolism of LCPUFAs 
 
 

Linoleic acid (n-6)              α-Linolenic acid (n-3) 

     (18:2n-6)                      (18:3n-3) 

↓          ∆6-desaturase      ↓ 

 

 

γ-Linolenic acid                       Stearidonic acid 

↓               elongase       ↓ 

 

 

       20:3n-6                                     20:4n-3 

↓          ∆5-desaturase       ↓ 

 

 

Arachidonic acid (AA)       Eicosapentaenoic acid (EPA) 

      (20:4n-6)                   elongase                         (20:5n-3) 

           ↓ 

    ↓ 

                   Docosahexaenoic acid (DHA) 

                   (22:6n-3)  
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oil), canola oil and walnuts, whereas commonly consumed vegetable oils such as corn 

and soybean oil serve as rich sources of AA’s precursor LA.  

Intake of n-6 PUFAs in the United States and other countries has increased over 

the last decade, resulting in a high ratio of dietary n-6:n-3 PUFAs (40, 59).  This 

increased consumption of n-6 PUFAs may be due, in part, to a decrease in saturated fat 

intake and replacement with n-6 PUFA-rich vegetable oils such as soybean, sunflower 

and safflower.  Intake of n-3 PUFAs in the United States is an estimated 1.6 g/d (100-200 

g EPA+DHA and 1.4 g ALA) and the n-6:n-3 PUFA ratio is approximately 10:1, 

reflecting high consumption of n-6 rich foods such as corn oil, soybean oil and poultry 

(42).  A study of pregnant Canadian women reported a mean intake of 160 mg DHA/d 

and 78 mg EPA/d (68).  Worldwide estimates of dietary DHA intake indicate that 

consumption is low in many regions including parts of Eastern and Central Europe and 

the United States, whereas DHA intake is high in countries such as Iceland, Japan, 

Malaysia and Norway, where seafood is widely consumed (40).   

The Institute of Medicine (IOM) of the National Academies established Adequate 

Intake (AI) values for n-3 PUFAs in 2002; however, no RDA has been set due to 

insufficient evidence to establish Estimated Average Requirements (EAR) (69).  The 

IOM recommends an n-3 PUFA intake of 1.1 g/d for women and 1.6 g/d for men, with no 

recommendation for individual n-3 LCPUFAs such as DHA and EPA.  In a recent 

consensus statement by the European Commission several expert groups established a 

recommended intake of at least 200 mg DHA/d for women of childbearing age and 

pregnant and lactating women (41).  The American Heart Association recommends an 

intake of 1 g/d of DHA+EPA in persons with existing coronary heart disease, and 400-
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500 g/d, or 2 fish meals per week, for unaffected persons (69).  The worldwide consensus 

recommendation of intake of at least 200 mg DHA/d for women of childbearing age and 

pregnant and lactating women is currently not achieved in most countries. 

Overview of n-3 PUFA functions 

LCPUFAs, particularly DHA and AA, are integral for fetal neural and retinal 

development and accrete extensively in these tissues in the last trimester of pregnancy 

(21-23).  LCPUFAs serve as structural and functional constituents of cell membranes and 

act as signaling molecules, thereby influencing numerous biological processes.  

Deficiency of certain LCPUFAs can result in symptoms such as severe dermatitis and 

growth failure (70).  n-3 LCPUFAs have been shown to influence health outcomes 

including duration of gestation, cognitive development in children, post-partum 

depression, neurologic degeneration and certain chronic inflammatory diseases such as 

cardiovascular disease, asthma and rheumatoid arthritis, and immune function (24, 71-

74).  The role of DHA in immune function is detailed in Chapter 3.   

n-3 PUFAs in pregnancy 

LCPUFAs, particularly DHA and AA, are essential for fetal vascularization and 

neural tissue growth and are transported across the placenta to the developing fetus (20, 

23).  Studies have demonstrated that DHA is preferentially transferred across the placenta 

above all other LCPUFAs, and that this materno-fetal transfer is mediated by fatty acid 

transport proteins (FATP-4, FATP-1) and placental lipases (19, 75).  The fetus has 

limited ability to synthesize DHA and therefore its supply is almost entirely dependent 

upon maternal transfer (24).   
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Studies have shown an initial increase in total maternal n-3 PUFA concentration 

in blood during pregnancy, likely due to an increased mobilization of maternal stores, and 

a subsequent decrease in maternal n-3 PUFA status due to rapid fetal accretion 

suggesting that pregnancy leads to a depletion of maternal n-3 PUFAs (44, 76).  Evidence 

indicates that multigravidas women suffer an increase in deterioration of LCPUFA status 

compared to primgravidas women (23).  Al and colleagues monitored pregnant women 

longitudinally from 10 weeks gestation through delivery and found that the women’s 

DHA status decreased after 18 weeks gestation and continued to decline through delivery 

(44).   Recently, Bonham et al. found in a study of pregnant women in the Seychelles that 

even in a population where fish consumption is high, maternal serum DHA levels fell 

significantly from 28 weeks’ gestation through delivery (51). 

Numerous studies have demonstrated that supplementing pregnant women with 

fish oil, DHA or DHA-enriched foods improves both maternal and neonatal fatty acid 

status (47, 48, 66, 77-85) .  Van Houwelingen et al. supplemented pregnant women with 

fish oil (2.3 g n-3 PUFA/d) from gestation week 30 through delivery and reported that the 

women supplemented with fish oil had significantly higher plasma phospholipid DHA 

concentrations, as well as correspondingly higher DHA concentrations in both umbilical 

wall phospholipids and umbilical cord plasma phospholipids, compared to placebo (77).  

Similar results were seen when Connor et al. supplemented pregnant women from the 

26
th

 through the 35
th

 week of gestation with sardines and fish oil (2.6 g n-3 PUFAs and 

1.1 g DHA/d) (78).  Both maternal and newborn erythrocyte and plasma DHA 

concentrations were significantly higher at delivery in the supplemented group.  In a 

study conducted by Velzing-Aarts et al., women between 18 and 23 weeks’ gestation 
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were supplemented through delivery with either low-dose fish oil (336 mg n-3 PUFAs, 

providing 123 mg DHA/d), a milk-based supplement (528 mg n-3 PUFAs, providing 185 

mg DHA/d), or high dose fish oil (1008 mg n-3 PUFAs, providing 369 mg DHA/d) (79).  

This study showed that cord vessel n-3 PUFA concentrations, particularly DHA, were 

significantly higher in the two higher dose groups, again illustrating improvement in cord 

vessel n-3 PUFA concentrations through supplementation during pregnancy.  In another 

supplementation trial of pregnant women, Otto et al. supplemented women16-20 weeks’ 

gestation with 570 mg DHA and 260 mg AA or placebo (85).  After 4 weeks of 

supplementation, mothers in the DHA + AA-supplemented group had significantly higher 

plasma and erythrocyte concentrations of both DHA and AA.   

Montgomery et al., in a double-blind randomized, controlled trial supplemented 

women from 15 weeks’ gestation through delivery with either fish oil (200 mg DHA/d) 

or placebo (80).  This study showed that DHA supplementation in pregnancy improved 

maternal erythrocyte and plasma phospholipids DHA status; however, this study did not 

find associations between DHA supplementation in pregnancy and cord blood DHA 

concentrations.  In a randomized, double-blinded trial conducted by Helland and 

colleagues, women in gestation week 18 were supplemented with cod liver oil (1183 mg 

DHA and 803 mg EPA/d) or corn oil through 3 months post-partum (83).  At both 4 

weeks and 3 months post-partum, plasma phospholipid DHA concentrations were 

significantly higher in infants born to women in the cod liver oil group.  Additionally, 

umbilical cord plasma phospholipid DHA and total n-3 PUFA concentrations were 

significantly higher in the cod liver oil-supplemented group.  This study illustrates a clear 

positive association between maternal DHA intake in pregnancy and lactation and infant 
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status.  Smuts et al. supplemented women from 24-28 weeks’ gestation through delivery 

with DHA-enriched eggs or regular eggs and reported significantly higher DHA 

concentrations in infants whose mothers consumed DHA-enriched eggs (84).  Dunstan et 

al. supplemented atopic pregnant women with 4 g fish oil/d from 20 weeks’ gestation 

through delivery and found significantly higher n-3 PUFA levels in infants whose 

mothers received fish oil (47, 81).  In a study conducted by de Groot and colleagues, 

pregnant women were supplemented from 14 weeks’ gestation through delivery with 

ALA- + LA- or LA-enriched margarine (82).  This study did not reveal an association 

between ALA- and LA-enriched margarine intake and maternal and infant DHA status.   

More recently, a multi-center trial in Europe (NUHEAL) showed that fish oil 

supplementation (500 mg DHA + 150 mg EPA/d) from 22 weeks’ gestation through 

delivery increased maternal and cord blood DHA concentrations (48).  Finally, Bergmann 

et al. (2008) reported that supplementing women with 200 mg DHA/d from gestation 

week 21 through mid-lactation resulted in higher red blood cell DHA concentration in 

both the mother and her infant (49). 

n-3 PUFAs in lactation 

LCPUFAs are present in breast milk and their variable concentration depends 

upon maternal stores, dietary intake and synthesis in the mammary glands; however, 

synthesis of DHA in the mammary gland is likely minimal (46, 72, 86, 87).  Because 

breast milk n-3 PUFA concentrations vary with diet, PUFA content of breast milk differs 

widely among populations.  Populations living in coastal countries such as Japan and 

Norway, where fish is widely consumed, have higher dietary intake of n-3 PUFAs and 
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correspondingly high concentrations of DHA in their breast milk compared to countries 

such as the United States and countries in the United Kingdom (40, 43, 88).   

DHA concentration in breast milk has been shown to decrease between lactation 

weeks 6 and 30, and numerous studies have assessed the impact of maternal 

supplementation with n-3 PUFAs during pregnancy and/or lactation on breast milk fatty 

acid composition (50-52).  In general, these studies have shown that maternal 

supplementation with fish oil or DHA, particularly during lactation, results in an 

increased n-3 PUFA concentration in breast milk and a concomitant improvement in 

infant DHA nutriture.   

A recent study conducted in Australia by Dunstan et al. (2007) showed that 

supplementation of pregnant atopic women with 2.2 g DHA and 1.1 g EPA/d from 20 

weeks’ gestation through parturition resulted in higher breast milk DHA and EPA 

concentrations at 3 days and 6 weeks post-partum (46).  By 6 months post-partum, there 

was no difference in breast milk PUFA composition between intervention and control 

groups.  In another recent study conducted by Bergmann et al. German women were 

supplemented with either a multi-vitamin, a multi-vitamin plus fructo-oligosaccharides 

(prebiotics), or a multi-vitamin plus fructo-oligosaccharides plus 200 mg DHA daily from 

21 through 36 weeks’ gestation, and then from the second week after delivery through 3 

months post-partum (49).  This study showed that the concentration of DHA in breast 

milk was twice as high in the DHA-supplemented women at 3 months post-partum, 

compared to the other two treatment groups.  Another study by Dunstan et al. showed 

that supplementing pregnant women daily with fish oil from 20 weeks’ gestation through 

delivery resulted in significantly higher breast milk DHA and EPA concentrations at 3 
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days post-partum, compared to the control group (89).  Helland et al. supplemented 

pregnant women with cod liver oil or corn oil from 17-19 weeks’ gestation through 3 

months post-partum and found higher concentrations of DHA in breast milk in the fish oil 

group, compared to the control group (90).  Several studies that provided n-3 PUFA 

supplementation during lactation alone reported higher breast milk DHA concentrations 

in the supplemented groups. 

Jensen and colleagues supplemented 3 groups of lactating women from post-

partum weeks 2 through 8 with either DHA derived from algae, high-DHA eggs, or 

marine oil (45).  The three groups of supplemented women had higher breast milk DHA 

concentrations than the control group, and a dose-response was observed.  The 

investigators noted a strong correlation between maternal plasma erythrocyte DHA 

concentration and breast milk DHA concentration.  In a study by Hawkes et al. lactating 

women who were supplemented with two different doses of tuna oil had significantly 

higher DHA concentrations in their breast milk, compared to controls (91, 92).  Similarly, 

Helland et al. demonstrated that short-term supplementation with cod liver oil during 

lactation resulted in significantly higher DHA concentrations in breast milk, compared to 

placebo (93).  Boris and colleagues supplemented pregnant Danish women with fish oil 

from the 30
th

 week of pregnancy through 30 days post-partum, or through delivery (94).  

Women who consumed fish oil through 30 days post-partum had significantly higher 

breast milk DHA concentrations at 4, 16 and 30 days post-partum, compared to controls 

and to women who ceased supplementation at delivery.  Lauritzen and colleagues found 

that supplementing Danish women with fish oil within one week of delivery through 4 

months post-partum resulted in higher breast milk DHA concentration, compared to 
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placebo (95, 96).  Additionally, infants of fish oil-supplemented mothers had higher DHA 

erythrocyte concentrations.  These studies demonstrate that maternal intake of fish oil or 

DHA in pregnancy and/or lactation results in improvement in maternal, breast milk and 

infant n-3 PUFA status.  

Chapter summary 

In summary, many populations of pregnant and lactating women consume sub-

optimal amounts (<200 mg/d) of dietary DHA and are therefore potentially predisposed 

to adverse health outcomes.  The aforementioned studies demonstrate that maternal 

dietary intake of DHA, most often in the form of fish oil, in pregnancy and/or lactation 

results in improved maternal and infant n-3 LCPUFA nutriture.  Breast milk n-3 PUFA 

status improves with fish oil supplementation during lactation, but no studies have 

described the influence of DHA in pregnancy alone on breast milk n-3 PUFA profiles.  

Overall, study show that fish oil or DHA supplementation (≥200 mg DHA/d), rather than 

ALA, from mid-pregnancy through lactation confers the most benefit to both the mother 

and her breastfed infant.  Since the developing fetus and breastfed infant rely on maternal 

supply of DHA, adequacy of DHA in the maternal diet during pregnancy and lactation is 

critical. 
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CHAPTER 3:  LITERATURE REVIEW, POLYUNSATURATED FATTY ACIDS 

AND IMMUNE FUNCTION 

 

Overview of infant immune function 

Infants are born with immature immune systems and are unable to mount immune 

responses comparable to adults, rendering them especially susceptible to infection (18).  

However, although both innate and acquired immunity are not fully developed in infants, 

infants indeed have partial functional capacity to respond to immunologic challenges 

(97).  The acquired immune system begins to develop and become functional in utero, as 

evidenced by the fetus’ ability to produce immunoglobulin M (IgM) in response to 

maternal tetanus toxoid vaccination (although no class switching to IgG occurs), and 

continues to mature during the first two years of life (98, 99).  Additionally, fetuses have 

been shown to produce mature CD4
+
 and CD8

+ 
T cells at 20 weeks’ gestation, indicating 

in utero development of cell-mediated immune response (99).  At birth, infants can 

produce immunoglobulins and exhibit cytotoxic effector function; however, response is 

reduced (98).  Infants can mount a primary IgG response to certain vaccinations starting 

at 2-3 months of age; however, antibody response can be weak and fleeting (100).  Th1-

type response in infants is limited due to their Th2 polarization at birth, and childhood 

vaccines such as hepatitis B elicit Th2-driven responses, as evidenced by high 

concentrations of Th2-specific cytokines (54, 101, 102).   

Passive immune protection is provided to the infant via breast milk and maternal 

transfer of immunoglobulins in utero.  Breast milk is comprised of numerous immune-

modulating compounds including cytokines, secretory IgA (sIgA), IgG, IgM, PUFAs, 

neutrophils and B and T lymphocytes (54).   The sIgA in breast milk is transferred to the 
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infant’s gut, where it helps protect against enteric pathogens such as E. coli, Shigella, 

Vibrio cholera and Campylobacter (54, 103).   Maternal IgG is transferred across the 

placenta to the fetus in utero, and infants are born with IgG levels similar to their 

mothers.   

LCPUFAs and immune function: mechanisms of action    

Inflammatory cells of the immune system contain membrane-bound LCPUFAs in 

the form of phospholipids, which consist of a glycerol backbone and long chain fatty 

acids whose amount and composition varies by phospholipid class and cell type (29, 30).  

n-3 PUFAs influence inflammation and immune function via modification of the fatty 

acid content of inflammatory cell membrane phospholipids, regulation of transcription 

factors, and other possible mechanisms (25-30, 99).  n-3 PUFAs are thought to modulate 

immune function through the following specific proposed mechanisms: 1) modification 

of the AA content of inflammatory cell membranes and subsequent alteration in 

eicosanoid synthesis, 2) alteration of inflammatory cell membrane structure and function 

and 3) regulation of nuclear transcription factors, resulting in modification of cytokine 

and resolvin production, cell adhesion molecule expression and lipid raft structure (27, 

28, 30, 33, 104).   

Studies have shown that supplementation with n-3 PUFAs results in partial 

replacement of AA by EPA in inflammatory cell membranes (i.e. macrophages and 

monocytes).  AA and EPA serve as substrates for the synthesis of eicosanoids such as 

prostaglandins, leukotrienes, and thromboxanes, which modulate inflammation and 

immune response (Figure 3).  A decrease in membrane AA content would therefore 

result in a concomitant decrease in production of pro-inflammatory AA-derived 
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eicosanoids.  AA-derived eicosanoids such as the 2-series prostaglandins modulate 

inflammation and immune response by influencing lymphocyte proliferation, natural 

killer cell activity, cytokine production, leukocyte activation and IgE production (27, 33). 

 

Figure 3.  Synthesis of eicosanoids from AA and EPA 

 

 

Adapted from Calder 2001, 2003 (29, 30); Gottrand 2008 (33) 
 

 

 

Modification of inflammatory cell membrane LCPUFA content influences 

membrane fluidity by increasing the desaturation of the membrane and therefore 

increasing its rigidity (105).  This change in membrane fluidity and composition can 

result in alterations in lipid raft structure, cell signal transduction, receptor expression and 

intercellular interaction, which could affect immune response (30).  Specifically, 
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membrane-bound n-3 PUFAs can modify lipid raft structure and subsequently inhibit T-

cell response (33).  n-3 PUFAs have also been shown to modulate gene expression by 

regulation of transcription factors such as nuclear factor-κB (NF-κB) and peroxisome 

proliferator-activated receptors α and γ (PPAR) (32).  Transcription factors such as NF-

κB can regulate genes involved in cytokine production (i.e. TNF-α, IL-6) and cell 

adhesion molecule expression (i.e. VCAM-1, ICAM-1).  Hence, n-3 PUFAs can 

modulate cytokine production and cell adhesion molecule expression via their influence 

on nuclear transcription factors.  Alteration of cytokine production and cell adhesion 

molecule expression can influence inflammatory and immune responses involving T and 

B cells, monocytes, macrophages and endothelial cells (33).   

T-helper cell types 1 and 2 (Th1 and Th2, respectively) produce different types 

cytokines involved in inflammatory and immune responses (26, 103, 106).  Th1 cells 

drive cell-mediated immune response and produce cytokines such as IL-2 and IFN-γ, 

whereas Th2 cells generally produce more pro-inflammatory cytokines such as IL-13, IL-

10, IL-4 and IL-5, and induce humoral response (29, 107, 108).  Th1- and Th2-type 

immune responses are regulated and balanced, and cytokines can determine their 

differentiation.  An imbalance in immune response, such as a sustained increase in Th2-

type response, can result in atopic disorders such as asthma.  Studies have revealed the 

possibility that LCPUFAs modulate Th1/ Th2 balance via modification of cytokine 

profiles, hence illustrating another possible link between LCPUFAs and immune function 

(106).   
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n-3 PUFAs and immune function:  trials in animals 

n-3 PUFA intake in pregnancy and offspring immune function  

A number of experimental studies have demonstrated a relationship between 

maternal PUFA intake during pregnancy and offspring immune function.  Calder et al. 

demonstrated that offspring immune function might be influenced in utero by maternal 

diet during pregnancy in a study in which pregnant rats were fed diets of differing levels 

of protein and types of fat (109, 110).  Several marker of immune function including 

natural killer cell activity, thymocyte proliferation, and spleen lymphocyte numbers 

differed among the experimental groups, illustrating an impact of maternal diet during 

pregnancy on immune function in offspring.  In an unpublished study by Frokiaer, 

recently reported by Calder et al. (2006), mouse dams were fed fish oil or a saturated fat 

throughout pregnancy and lactation and offspring immune function was assessed (99).   

Pups of dams fed fish oil had higher IFN-γ production and lower IL-5 (pro-inflammatory 

cytokine) production compared to pups of dams fed saturated fats.  Berger et al. 

demonstrated in a murine model that maternal PUFA intake during pregnancy and 

lactation might affect immune function in offspring by feeding mouse dams one of 4 

different types of oils (fish oil, olive oil, linseed oil, or safflower oil) during pregnancy 

and lactation and evaluating immune function of their offspring (111).  The offspring of 

the dams fed fish oil showed a decrease in natural killer T-cell activity and had smaller 

thymuses and spleens than those of dams fed other oils.  In a similar study by Rayon et 

al., pregnant mouse dams were fed corn oil or fish oil during pregnancy.  Neonate 

immune function was assessed by challenging the pups with live Group B Streptococcus 

(112).  Pups of the dams fed fish oil had a lower mortality rate than those of dams fed 
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corn oil, again suggesting that fatty acid composition of maternal prenatal diet might 

influence neonatal immune function.  Additionally, this study suggests a potential 

positive relationship between fish oil consumption during pregnancy and infant immune 

response.  More recently, Lauridsen et al. supplemented pregnant sows with either fish 

oil, rapeseed oil or sunflower oil and found that piglets of sows in the fish oil group had 

lower levels of the pro-inflammatory eicosanoids prostaglandin E2 (PGE2) and 

thromboxane B2 compared to the sunflower seed oil group (113).  These and other 

studies illustrate that maternal diet during fetal development can affect immune cell 

function in offspring; however, these studies were conducted in animals and cannot be 

directly compared with humans. 

n-3 PUFA intake and response to immunologic challenge  

Because n-3 PUFAs have been shown to modulate cell-mediated immune 

response, numerous animal models have been used to evaluate the impact of n-3 PUFA 

supplementation on host infectious disease resistance (114).  These studies have shown 

mixed results; some reporting beneficial effects of n-3 PUFAs on host survival, others 

reporting adverse effects, and others reporting no effect.  Olive et al. reported that rats fed 

fish oil, compared with rats fed control diets, mounted a similar intestinal immune 

response to infection with Trichinella spiralis (115).  A study by Rayon et al. showed 

that pups of mouse dams that were fed fish oil during pregnancy had a lower mortality 

rate after infection with group B streptococcal pathogen, compared to controls (112).  

Alternatively, Paul et al. reported that weanling guinea pigs fed n-3 PUFAs, compared 

with guinea pigs fed n-6 PUFAs and control chow, suffered the most severe progression 

of disease when infected with M tuberculosis (116).  Puertollano et al. fed mice different 
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sources of fats, including fish oil, for 4 weeks and infected them with Listeria 

monocytocgenes (117).  Mice fed fish oil had lower body and spleen weights 96 hours 

after infection and had higher spleen levels of viable bacteria, suggesting the fish oil 

group could not mount as effective immune response as the other groups.   

Recently, Beli et al. (2008) found that mice supplemented with fish oil 

experienced delayed clearance of reovirus compared to placebo, as evidenced by higher 

levels of viral shedding in the feces (118).  In another study (2007), neonatal piglets were 

weaned at 2 d, given DHA+AA-enriched formula, standard formula or sow’s milk for 30 

d, and immunized with the influenza virus vaccine at 9 d (119).  CD4
+
 and CD8

+
 T cell 

ex vivo proliferation was lower in piglets receiving the DHA+AA-enriched formula and 

IL-10 expression was up-regulated, compared to piglets that received control formula.  

Similarly, Byleveld et al. found that mice supplemented with fish oil and subsequently 

immunized with the influenza virus experienced delayed virus clearance and decreased 

production of IFN-γ and antibodies (120).  Pierre et al. (2007) infected mice receiving 

either a control diet, an n-3 PUFA-enriched diet, or an n-6 PUFA-enriched diet with the 

bacteria Pseudomonas aeruginosa and reported longer survival time with chronic 

pneumonia in the n-3 PUFA-supplemented group (121).  Similarly, mice were fed either 

control diet, EPA-enriched diet or AA-enriched diet and were subsequently infected with 

Pseudomonas aeruginosa in a study conducted by Auvin et al. (122).  Higher levels of 

TNF-∞ and increased lung edema were found in mice consuming the EPA diet; however, 

survival was similar between groups.  McFarland et al. (2008) infected guinea pigs 

consuming diets enriched with either n-3- or n-6 PUFAs with Mycobacterium 

tuberculosis and found reduced in vitro lymphocyte proliferation and reduced clearance 
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of infection in the guinea pigs consuming the n-3 PUFA-enriched diet (123).  Numerous 

other studies have evaluated the influence of n-3 PUFA supplementation on infectious 

disease resistance in the host and have shown mixed results; however, many report a 

decrease of lymphocyte proliferation in n-3 PUFA-supplemented animals. 

n-3 PUFAs and immune function:  trials in adults 

Numerous intervention trials have assessed the influence of dietary n-3 PUFAs on 

markers of immune function and inflammation and have, overall, supplemented healthy 

adults with fish oil (DHA+EPA).  Although these studies report varying and sometimes 

conflicting results, there is clear evidence that n-3 PUFAs have some capacity to 

influence immune function (29).  

In a study by Wallace et al., healthy 18-39 year-olds were supplemented daily 

with α-linolenic acid (ALA) or various doses of fish oil for 12 weeks (124).  The 

investigators found no difference in the production of cytokines such as TNF-α, IL-1β 

and Il-10, and no difference in lymphocyte proliferation between intervention groups; 

however, IL-6 production decreased significantly in participants supplemented with 

higher doses of fish oil.  Kew et al. examined the influence of supplementation with 

different doses of ALA and DHA+EPA on adult immune function and found that 

supplementation with n-3 PUFAs did not alter immune markers including phagocytic 

activity, cytokine production, lymphocyte proliferation, and delayed-type hypersensitivity 

response (125).  The effect of marine oil supplementation on immune function in elderly 

persons was examined by Bechoua et al. (126).  Persons 70-83 years of age were 

supplemented with 150 mg DHA + 30mg EPA or placebo daily for 6 weeks.  A marked 

decrease in lymphocyte proliferation was observed in the DHA + EPA group.  These 
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important findings demonstrate that very low doses of marine oil can modulate immune 

function in the elderly, a population who likely suffer from a decline in immune function.  

Miles et al. showed that n-3 PUFA supplementation caused an increase in plasma IgG 

concentrations and a decrease in natural killer cell activity, but no difference in 

lymphocyte proliferation or delayed-type hypersensitivity response (127).  

Kew et al. conducted a study in healthy adults evaluating the independent effects 

of DHA and EPA on immune function.  Markers of immune function and inflammation 

were measured in three study groups (DHA-supplemented, EPA-supplemented, and 

placebo) (128).  A decrease in T-lymphocyte activation was found in the DHA-

supplemented group; however, no difference in cytokine production was found in either 

intervention group.  Kelly et al. examined the effects of DHA on immune function and 

inflammatory mediators by supplementing healthy young men with 6 g DHA/d for 90 

days (129, 130).  DHA supplementation did not modify lymphocyte proliferation or 

delayed-type hypersensitivity; however, the DHA group experienced a decrease in NK 

cell activity and had lower concentration of inflammatory cytokines such as PGE2 and 

LTB4, compared to controls.  DHA did not significantly influence IgG concentration in 

serum or antibody response to vaccination against influenza; however, the increase in 

antibody titers in the DHA group was close to significantly different (p=.059) than 

controls.  Thies et al. compared the effects of ALA, γ-linolenic acid (GLA), AA, DHA, 

and fish oil on lymphocyte proliferation, NK cell activity, and number of circulating 

inflammatory cells in healthy 55-75 year-olds (131-133).  The study revealed no effect of 

supplementation on inflammatory cell numbers (neutrophils, monocytes, and 

macrophages).  The fish oil-supplemented group showed a decrease in NK cell activity, 



28 

 

while the fish oil and the GLA group showed a significant decrease in lymphocyte 

proliferation.  Recently, Rees et al. reported modified neutrophil respiratory burst and 

prostaglandin production by mononuclear cells in men supplemented daily with EPA for 

12 weeks (38). 

Differences in the aforementioned study findings may be attributed to varying 

doses and forms of n-3 PUFAs used, differences in study subjects or insufficient study 

power (28).  A limited number of studies have evaluated the independent effect of DHA 

on immune function.  The above studies illustrate the variation in the reported effect of 

DHA supplementation on immune response and inflammation; however, evidence that n-

3 PUFAs influence markers of inflammation and immune function is compelling.  The 

below review summarizes the evidence from trials of n-3 PUFA supplementation and 

markers of immune function. 

A recent review by Sijben and Calder (2007) summarized results from trials 

evaluating the influence of n-3 PUFAs on immune markers in humans, and provided 

overall conclusions based on available evidence (134).  The authors focused on trials 

examining the following immune markers:  ex vivo mitogen-induced T lymphocyte 

proliferation, natural killer (NK) cell activity, mitogen-induced cytokine production by 

lymphocytes and cytokine production by monocytes.  Overall, evidence from 8 cohorts 

suggests n-3 PUFA supplementation decreases ex vivo lymphocyte proliferation in adults, 

especially in older subjects, and causes a decrease in inflammatory cytokine production 

by monocytes.  Reports of the influence of n-3 PUFAs on cytokine production by 

lymphocytes and NK cell activity are inconsistent and, the authors report, inconclusive. 
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n-3 PUFAs and infection 

Merchant et al. (2005) evaluated, using food frequency questionnaires, the 

influence of dietary n-6 and n-3 PUFAs on the incidence of pneumonia among males in 

the US Health Professionals Follow-up Study (n=38,378) (34).  Study participants were 

followed for 10 years, and dietary intake was reported every 4 years.  Higher self-

reported dietary intake of n-3 and n-6 PUFAs reduced the risk of community-acquired 

pneumonia in this population by 31% for every 1 g/d increase in ALA intake; however, 

intake of EPA and DHA alone did not influence pneumonia risk. 

n-3 PUFAs and immune function:  trials in children 

Several studies have examined the influence of n-3 PUFA supplementation on 

immune function or infection in children.  A double-blind trial in which 5-7 year-olds 

were given a dietary supplement containing AA and DHA or placebo for 7 months 

showed alterations in immune cell phenotypes in the LCPUFA group, compared to 

placebo (135).  In a study by Venuta et al., 36-49 month-old children with a history of 

recurrent respiratory infections were supplemented with ALA (855 mg/d) and LA (596 

mg/d) or placebo for two winter seasons (35).  The EFA-supplemented children 

experienced significantly fewer infective episodes per month, fewer days with fever, and 

fewer days missed from school because of illness.  Studies focusing on n-3 PUFA 

supplementation in asthmatic children have shown that fish oil supplementation can 

potentially decrease asthmatic symptoms such as wheezing (136-138). 
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n-3 PUFA-supplemented formula 

Studies have examined the influence of formula with added n-3 PUFAs on infant 

immune function or infection in preterm infants.  Field et al. provided preterm Canadian 

infants human milk (HM), control formula or formula containing LCPUFAs and reported 

that infants in the HM and LCPUFA groups had a higher proportion of antigen mature 

CD4+ cells and increased synthesis of IL-10, compared to infants in the control formula 

group (139).  A recent meta-analysis of randomized controlled trials of PUFA 

supplementation of infant formula in preterm babies reported no difference in rates of 

sepsis or necrotizing enterocolitis between the LCPUFA and control groups (37).  The 

authors of this meta-analysis noted that few trials reported other outcomes common to 

preterm infants such as bronchopulmonary dysplasia and therefore further studies are 

necessary.  

Several trials of n-3 PUFA-supplemented formula have been conducted in term 

infants, including a trial in which infants were either breastfed or received one of three 

formulas (control formula, ARA+DHA formula or DHA-enriched formula) from birth 

through 1 year (140).  The investigators reported no difference between groups in 

outcomes such as “had 3 or more prescriptions for antibiotics”, chronic otitis media, or 

hospitalization.  One study in which 1342 infants were assigned to receive either regular 

formula or formula supplemented with DHA and AA showed that the infants consuming 

the EFA-supplemented formula had a decreased incidence of bronchiolitis/bronchitis at 5, 

7 and 9 months of age (36).  A recent randomized trial in which term infants were given 

either regular formula or formula supplemented with long chain PUFAs showed that the 

LCPUFAs influenced the presence and function of infant immune cells such as CD3+ 
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and CD44++ (107).  Finally, Danish infants were provided either formula or cow’s milk 

alone or with fish oil (2 X 2 design) from 9-12 months of age (141).  Increased L. 

paracasei-induced INF-γ was observed in the fish oil groups, suggesting that fish oil may 

influence the maturation of the infant immune system. 

n-3 PUFA supplementation in pregnancy and/or lactation and infant immune 

function 

Detailed in the discussion section of Chapter 7. 

n-3 PUFA supplementation in lactation and breast milk immunoglobulins 

Dietary n-3 PUFAs may influence immune-modulating components of breast 

milk, providing a mechanism through which immune response in the breast fed infant 

might be altered by maternal diet in pregnancy and/or lactation.  A study by Dunstan et 

al. found that supplementation of atopic women with dietary fish oil (3.7 g DHA+EPA/d) 

from 20 weeks’ gestation through delivery resulted in higher DHA and lower AA 

concentrations in breast milk at 3 days post-partum, compared to placebo (89).  The 

investigators reported a positive correlation between maternal n-3 PUFA concentration 

and IgA, IL-10 and IL-6 concentrations in breast milk, suggesting a potential positive 

relationship between n-3 PUFAs and immune-modulators in breast milk.  Conversely, a 

study by Hawkes and colleagues showed that supplementation of lactating women with 

tuna oil for 4 weeks improved n-3 PUFA status but did not change cytokine levels in 

breast milk (91). 
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in utero programming of immune function 

Several studies have examined the potential influence of in utero programming on 

immune function.  Specifically, studies have addressed the influence of maternal nutrition 

during pregnancy and early postnatal nutrition on immune function.  Moore et al. 

conducted a study in rural Gambia examining the effect of season on child mortality 

(142, 143).  The investigators studied detailed birth records of children born between 

1949 and 1994 and found that children born during the “hungry season” (season in which 

pregnant women were most likely to be severely undernourished) suffered higher rates of 

intra-uterine growth retardation and of subsequent mortality in adolescence and older.  

The investigators suggested that in utero insults, such as maternal malnutrition, might 

influence the development of the fetal, and subsequent infant immune system.  Moore et 

al. later conducted another study in the same area of rural Gambian and examined 

specific measures of immune function (antigen-specific antibody response to vaccination) 

(143).  Findings from this later study showed no association between immune response, 

measured by response to vaccination, and season of birth and birth weight.  McDade et 

al. addressed the possible influence of prenatal undernutrition on immune-competence in 

adolescence (16).  The investigators recruited a sub-sample of 14-15 year old subjects 

from an ongoing longitudinal study in the Philippines, in which birth weight and 

gestational age had been recorded (for determining intra-uterine growth retardation).  

Unlike the Moore et al. study, when challenged with vaccination, adolescents who had 

been prenatally undernourished had a lower probability of mounting an adequate immune 

response compared with adolescents who were adequately nourished during fetal 

development.  These results indicate a potential relationship between in utero nutritional 
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insults and subsequent immune dysfunction.  In the same study in the Philippines, 

McDade and colleagues also examined the influence of prenatal undernutrition, resulting 

in infants born small for gestational age, on adolescent thymic function (144).  

Adolescents who suffered prenatal undernutrition had significantly lower thymopoietin 

production, again illustrating the potential influence of intra-uterine insults on immune 

system development.  McDade et al. studied an additional cohort within this population-

based longitudinal study in the Philippines to determine, partly, the influence of prenatal 

growth on total IgE production in adolescence (145).  The investigators found that under 

certain conditions (a dirty household), prenatal undernutrition was associated with 

increased IgE production in adolescence.  Overall, studies examining in utero 

programming of immune function have shown varied results; however, studies report 

compelling evidence that prenatal environments can predict immune function.   

 Specific micronutrients in pregnancy have also been shown to influence immune 

function.  For example, Tielsch et al. showed that children born to vitamin A deficient 

women, as evidenced by night blindness during pregnancy, suffered an increased risk of 

diarrhea, acute respiratory infection and dysentery compared to children born to women 

without night blindness (11).  In a study of multiple-micronutrient supplementation in 

pregnancy conducted in Nepal, preterm infants of mothers supplemented with vitamin A 

and folic acid, iron, or folic acid + zinc experienced a decreased risk of mortality in the 

first three months of life (17).   

Chapter summary 

In summary, the immune system begins to develop in utero and immune response, 

albeit sometimes weak and fleeting, is active in newborns.  The in utero environment, 
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including nutritional exposures such as n-3 PUFAs, may influence the development of 

immune function.  The n-3 PUFA DHA is found in cells of the immune system and 

modulates immunity and inflammation through various mechanisms including 

incorporation of DHA into cell membrane phospholipids and modification of membrane 

structure and function, subsequent alteration in eicosanoid synthesis, cell adhesion 

molecule expression, cytokine production and lipid raft structure, and modulation of 

factors involved in gene expression.  Evidence from studies in humans and animals 

illustrates a link between n-3 PUFA nutriture and immune function; however, the 

influence of DHA in pregnancy on immune response to vaccination is yet unknown.  

 

Conceptual framework describing the potential relationship between DHA in 

pregnancy and infant immune function 

The following conceptual framework describes the pathways by which dietary 

intake of DHA during pregnancy can influence immune function during early infancy 

(Figure 4).  Maternal DHA intake during pregnancy and/or lactation influences maternal 

and infant DHA nutriture, as detailed in the above literature review.  Furthermore, 

numerous studies have demonstrated a positive relationship between maternal fish oil 

supplementation during pregnancy and lactation or during lactation alone and breast milk 

DHA status.  Few studies have examined the effect of fish oil in pregnancy alone on 

breast milk PUFA status.  The relationships that are less clear, which we will examine in 

our study, are those between maternal DHA intake in pregnancy and 1) breast milk DHA 

concentration and  2) infant immune function, measured by infant morbidity and response 
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to vaccination.   Solid lines indicate relationships that are well-established, while dashed 

lines indicate relationships that are not yet fully understood. 

 

DHA intakes 
in pregnancy 

Maternal 
PUFA status 

Infant PUFA 
status 

Breast milk 
PUFA status 

Infant 

immune 

function 

Breast milk Ig 
status 

Figure 4: Conceptual framework describing the potential influence of in utero 

exposure to DHA on infant immune function 
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CHAPTER 4:  METHODS 

 

This chapter describes the research objectives and hypotheses, study setting, 

design and participants, and data collection.  Additionally, laboratory and statistical 

methods are detailed.   

 

Objectives and hypotheses 

The primary objectives of this study are to evaluate the effect of maternal DHA 

supplementation during pregnancy on 1) breast milk fatty acid concentrations, 2) infant 

morbidity and 3) infant immune function. 

The specific hypotheses are: 

1. Women who receive DHA supplements from 18-22 weeks gestation through delivery 

will have higher breast milk DHA concentrations at 1 month post-partum than women 

who receive placebo. 

2. Infants born to women who receive DHA supplements from 18-22 weeks gestation 

through delivery will experience less severe and fewer episodes of illness than infants 

born to women who receive placebo. 

3. Infants born to women who receive DHA supplements from 18-22 weeks gestation 

through delivery will mount a stronger response to childhood hepatitis B and tetanus 

vaccination than infants born to women who receive placebo, specifically, 

a. Higher plasma anti-hepatitis B IgM and IgG antibody concentrations at 3 

months of age after vaccination at birth and at 2 months of age 
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b. Higher plasma anti-tetanus IgM and IgG antibody concentrations at 3 months 

of age after vaccination at 2 months of age 

 

Study setting and population and ethical considerations  

This study is a collaborative effort of Emory University’s Hubert Department of 

Global Health in Atlanta, Georgia, and the Instituto Nacional de Salud Pública (INSP) 

and Mexican Institute of Social Security (Instituto Mexicano del Seguro Social, IMSS) 

General Hospital I in Cuernavaca, Mexico.  This ongoing trial is being conducted in 

Cuernavaca, Mexico in the state of Morelos, which is located in central Mexico 

approximately 1 hour south of Mexico City.  This study was conducted in the context of 

an ongoing randomized, double-blinded, placebo-controlled trial, whose main outcome is 

child growth and development. 

Study participants were recruited at the IMSS General Hospital I, a large hospital 

located in Cuernavaca, Mexico, and 3 small health clinics within the IMSS system in 

Cuernavaca during routine prenatal care visits between February 2005 and February 

2007.  The IMSS health care system provides employed persons access to medical care.  

Generally, the women who utilize hospital are of medium-to-low socioeconomic status 

and either they and/or their husbands are employed.  In most cases, the IMSS hospital 

patient pays one third of the health care costs and their employer and the federal 

government pay the remaining two-thirds of the costs.   

Routine prenatal care was provided by physicians, and women attended prenatal 

checkups beginning with the confirmation of pregnancy monthly during the 1st and 2nd 

trimester, every 2 weeks during the third trimester, and weekly during the last month of 
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pregnancy.  All pregnant women that attend the IMSS hospital are routinely provided 

tetanus toxoid vaccination and iron-folate supplementation (5 mg/d of folic acid and 100 

mg of iron fumarate or sulfate) during pregnancy.  For the first year of life, infants are 

scheduled for monthly well baby visits at the hospital, where they receive routine 

immunizations and growth and development monitoring.  Coverage rates for routine 

vaccinations are very high (>95%) and almost all mothers initiate breast feeding.   

Women were considered for inclusion in the study if they were in gestation weeks 

18-22, planned to predominantly breastfeed for at least 3 months, were 18-35 years old, 

planned to deliver at the IMSS General Hospital in Cuernavaca and planned to live in the 

area for 2 years after delivery.  Women were excluded if any of the following criteria 

were present:  1) high risk pregnancy, 2) lipid metabolism or absorption disorders, 3) 

regular intake of fish oil or DHA supplements or 4) chronic use of certain medications 

(i.e. medications for epilepsy).   

Written informed consent was obtained from each participant after a thorough 

explanation of the study details, and participants were free to withdraw from the study at 

any time.  The study protocol and all informed consent documents were approved by 

Emory University’s Human Investigations Board and by the Instituto Nacional de Salud 

Pública (INSP) and the IMSS General Hospital I’s Human Subjects Boards.  The welfare 

of the subjects was monitored by an external Data Safety Monitoring Committee. This 

study is an ongoing collaborative project between the INSP in Cuernavaca, Mexico and 

Emory University, and is a registered clinical trial (registered at INSP in Mexico:  #CI-

011, and at clinicaltrials.gov: NCT00646360). 

 



39 

 

Study design 

Women were assigned to receive either 400 mg DHA or placebo daily, from 

gestation weeks 18-22 through parturition. The DHA capsules contained 200 mg DHA 

each derived from an algal source (Martek Biosciences Corporation, Columbia, MD).  

The placebo capsules contained olive oil, and were similar in appearance and taste to the 

DHA capsules.  Fieldworkers visited the women’s homes weekly to deliver a new bottle 

of 14 capsules, and compliance was monitored by counting any remaining pills and 

through interviews with participants.  

All participants and members of the study team were blinded to the treatment 

scheme throughout the intervention period of the study.  The blinding code was placed in 

sealed envelopes at the beginning of the study, and these envelopes were held by 

investigators at Emory who were not involved in the study.  Data were un-blinded for the 

analytical study team after the last baby in the study was born and had completed 6 

months of age, at which time participants were no longer taking supplements.   

All eligible women were randomized to either the treatment or the control group 

using a computer-generated list created by the study biostatistician at Emory University.  

Women were randomized to either the treatment or the control group using the block 

randomization method to randomly create balanced replication of 4 treatments (2 colors 

for DHA and 2 for control) using a block size of 8. The list was generated for a sample 

size of 1104.  Success of randomization was assessed by comparison of a variety of 

baseline maternal characteristics in the two treatment groups.   
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Data collection 

Ascertainment of prenatal dietary intake 

Using a validated food frequency questionnaire (FFQ), we assessed maternal 

dietary intake at 18-22 weeks’ gestation.  The 110 item FFQ included specific questions 

about consumption of sources of DHA such as fresh water fish, seafood, canned tuna and 

sardines, salmon, trout, cod liver oil, and dried fish called “charales” in the previous 3 

months.  A previous study reported that estimates of n-3 PUFA  intake ascertained using 

this FFQ correlate reasonably well with erythrocyte membrane n-3 PUFA phospholipid 

concentration (146).   

Ascertainment of infant morbidity information 

Child morbidity information was captured using a 15-day recall questionnaire 

when mothers brought their infants to the hospital for study visits at 1, 3 and 6 months 

(see appendix).  Mothers were asked questions about the occurrence of illness symptoms, 

duration of symptoms and whether they sought medical care for their infant’s symptoms.  

For example, mothers were asked “In the past 15 days, has your child experienced fever”; 

mothers who responded affirmatively were then asked “on what date did the symptoms 

begin, and on what date did they end” and “did you seek medical care for this illness?”   
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Laboratory methods 

Blood and breast milk sample collection  

Breast milk samples were collected from all women who agreed to provide 

samples at the IMSS hospital during routine study visits at 1 month post-partum.  The 

milk samples were taken during a morning feed between 8AM and 12PM, and mothers 

were asked to feed their infant before coming to the hospital so that the milk sample was 

not from the first feed of the day.  Initially, 5 ml of foremilk was hand-expressed before 

infants were allowed to suckle the nipple for 10 minutes; afterwards an expression of 5 

ml of hindmilk was collected into the same 14 ml plastic test tube and was thoroughly 

mixed with the initial 5 ml foremilk sample.  The samples were then aliquoted into 

multiple cryovials and frozen in a nitrogen environment -70° C.   

Seven ml of maternal blood was obtained by venipuncture by trained technicians 

at the IMSS hospital at 18-22 weeks’ gestation, delivery and 1 month post-partum.  A 5 

ml venous blood sample was obtained from infants at 3 months of age.  All samples were 

collected into tubes containing EDTA.  Plasma and erythrocytes were separated by 

centrifugation at 800 G for 10 minutes at room temperature.  Plasma was then aliquoted 

into multiple cryovials, and were immediately frozen in a nitrogen environment and 

stored at -70° C. 

Determination of PUFA concentrations 

All plasma phospholipid fatty acid concentration determinations were carried out 

at INSP in Cuernavaca, Mexico.  The total fat from milk and plasma was extracted with a 

chloroform-methanol mixture (2:1).  The yield was determined by gravimetry following a 
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modification of the method described by Folch and was expressed as g/100 g of serum or 

milk (147).  Fatty acids were derivatized using borum trifluride and were then extracted 

with pure hexane.  The extracts were injected into a gas chromatograph Hewlett Packard 

(USA) Mod. 5890 Series II, using a 100 m length x 0.25 mm internal diameter Supelco 

SP 2560 (USA) column.  The chromatographic peaks were identified using true reference 

standards for 37 fatty acids, (Supelco, St. Louis, MO, USA).  The fatty acid content is 

expressed as percentage of total fat.  

Determination of immunoglobulin concentrations 

Antigen-specific plasma immunoglobulin concentrations are appropriate 

functional markers for measuring immune response to vaccination (109, 130).  We 

measured anti-hepatitis B and anti-tetanus IgM and IgG antibody concentrations in infant 

plasma at 3 months of age. In accordance with the childhood vaccine schedule in Mexico, 

infants received hepatitis B vaccination at birth, and hepatitis B and tetanus vaccinations, 

among others, at 2 months of age.  We determined hepatitis B- and tetanus-specific 

antibody concentrations in plasma at 3 months of age.   

Anti-hepatitis B and anti-tetanus IgM and IgG antibody concentrations were 

measured by a flow cytometry system (Luminex technology) at the Centers for Disease 

Control and Prevention in Atlanta, Georgia.  Luminex
 
technology is a microsphere-based 

flow cytometry system that can quantify up to 100 analytes, such as immunoglobulins, in 

a single sample of <100 microliters (148-150).  Each microsphere is manufactured with a 

unique proportion of red and orange fluorescent dye, and can be coupled with a different 

biological probe such as a capture antibody or an antigen.  Biotinylated detection 

antibodies bind the analyte and fluoresce at a wavelength unique to that bead.  The 
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microsphere is excited by a laser and emits a distinct fluorescent intensity which is 

captured by a detector.   The amount of detection antibody that binds to each bead is 

proportional to the amount of analyte that is bound to the capture antibody.  Results are 

compared to standards to quantify the amount of analyte in each sample. 

Laboratory protocol for determination of immunoglobulin concentrations 

Sample preparation 

Samples underwent one freeze-thaw cycle to accomplish the aliquoting.  Three 

aliquots were obtained from each original sample of approximately 200 µl.  One aliquot 

of 50 µl was used for the current study and two additional aliquots, consisting of 100 µl 

each were stored in a -20°F freezer for future analysis.   

 

Plate preparation 

Ninety-six well plates were prepared by adding 100 µl of blocking buffer to each 

well and agitating them on speed 4 for twenty minutes.  Plates then underwent a single 

wash with washing buffer (150 µl PBS + Tween 20 (.05%)) and were placed on a 

vacuum to remove the liquid.  Forty µl of prepared beads that had binding regions for 

both hepatitis B and tetanus were then added to the plate.   

For the current study, a 1:50 dilution was used.  Five µl of sample was added to 245 

µl of dilution buffer (0.01 M PBS+0.5% BSA) (BSA= bovine serum albumin, PBS = 

phosphate buffered saline).  After mixing the samples on speed 6, 10 µl of dilution buffer 

was added to the beaded prepared plates.  Forty two samples, run in duplicate, with three 

internal standards were run per plate (Figure 5).  Sample A was an external plasma 

sample and samples B1 and B2 were derived from pooled infant plasma.  B1was neat 
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infant plasma and served as the ‘high’ standard and B2 underwent a 1:50 dilution and 

served as the ‘low’ standard. 

Plates were then incubated on the agitator at speed 4, covered with foil, for 45 

minutes.  After incubation, plates were washed and vacuum suctioned three times with 

the wash buffer (150 µl PBS + Tween 20 (.05%)).  The detection reagent was then added.  

For the IgG assay, the detection reagent was Wally’s reagent, (from Quantaplex – 1:5 of 

diluted solution) and for the IgM assay, Donkey Antihuman reagent was used (1:100 of 

stock solution).  Plates were then covered with foil and incubated for a further 30 minutes 

at speed 4 on the agitator.  After the second incubation, plates underwent three washes 

with the wash buffer.  One hundred and twenty µl of dilution buffer was then added to 

each plate to prepare the sample for reading on the Luminex.  Plates were then placed in 

Luminex to read.  A flow chart outlining abbreviated methods is shown below (Figure 

6).  

 

Figure 5:  Plate layout for determinations of antibody concentrations 

 

 A B C D E F G H I J K L 

1 Blank Blank Blank Blank Blank Blank A A B1 B1 B2 B2 

2             

3             

4             

5             

6             

7             

8             

 

Column B is a duplicate of column A 

Column D is a duplicate of column C, etc. 
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Figure 6:  Flow chart instructions for Luminex (for determination antibody 

concentrations) 

 

100 µl blocking buffer into plate 

↓ 

Cover and shake for 20 min 

↓ 

Single wash: suction, add 150 µl PBS + Tween 20 (.05%), suction 

↓ 

Add 40 µl of IgG or IgM beads to plate 

↓ 

Add 5 µl sample to 245 µl dilution buffer (individual clear tubes in blue rack) 

↓ 

Cap tubes and agitate/mix at speed 6 

↓ 

Add 10 µl diluted sample (1:50) to beaded plate 

↓ 

Incubate for 45 minutes on agitator (speed 4, cover with foil) 

↓ 

Perform 3 washes: suction, 150 µl PBS + tween 20 (.05%), suction, repeat, blot bottom 

w/ chemwipe 

↓ 

Add 50 µl IgG or IgM detection reagent (Wally’s reagent) – same tips, don’t touch 

membrane 

↓ 

Incubate for 30 minutes on agitator (speed 4, cover with foil) 

↓ 

Perform 3 washes: suction, 150 µl PBS + tween, suction, repeat, blot bottom with 

chemwipe 

↓ 

Add 120 µl dilution buffer (.01 M PBS+0.5% BSA) and do “up and downs” to mix 

↓ 

Place in Luminex 
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Recruitment of study subjects and power calculations   

No changes were made to the recruitment of study subjects for the present study 

because the parent study was already underway. The power calculations of the parent 

study dictated that a minimum of 676 mother-child pairs would complete the original 

study and therefore at least 994 pregnancies would be recruited (approximately 50-70 per 

month)  assuming a 15% loss to follow up during pregnancy and a further 20% loss in the 

first 18 months of life. The original study estimates were conservative and included 

losses due to deaths and migrations out of the study area.  All efforts were made to keep 

losses to a minimum.   

Assuming 994 pregnancies would be recruited for the original study, and 

assuming a 15% loss to follow-up during pregnancy and a 5% loss during the first 3 

months of the infants’ lives, the present study would ideally have access to 803 mother-

child pairs.  Of those, we had planned to have access to at least 232 mother-child pairs 

who would be eligible for inclusion in the infant immunoglobulin analysis in at 3 months 

of age (116 in the DHA group and 116 in the placebo group). 

  

Power calculations   

Since the parent study design was fixed, we had planned to have a minimum 

sample of 116 mother-child pairs per group (control and treatment) for comparing key 

outcomes in the present study. Assuming a two-tailed test and confidence level < 0.05, 

we will have > 80% power with this sample size to detect effect sizes of 0.4 (151).  Such 

effect sizes have been characterized as small to moderate and represents small but 

important differences for the immunological outcomes that were examined in the present 
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study (151).  For example, an effect size of 0.4 is a difference of 40 mg/dl in mean IgG in 

infants at 3 months of age between groups assuming the S.D. is 100 mg/dl. 

 

Statistical methods  

We conducted all statistical analyses using SAS version 9.2, Cary, North Carolina.  

Statistical significance was defined as a p-value < 0.05.  For each of the following 

reports, continuous baseline characteristics, characteristics at birth and outcome variables 

were tested for normality using histograms, box-and-whisker plots and the Kolmogorov–

Smirnov test for normality, and by examining normal probability and quantile-quantile 

(Q-Q) plots.  We performed no data imputations and missing values were not included in 

analyses.  For all analyses, baseline demographic characteristics of our sample did not 

differ significantly from characteristics of the study sample, so we assumed that no 

selection bias occurred.  Non-parametric analytical methods such as Poisson regression 

modeling, Wilcoxon rank sum tests and Spearman correlations were used for non-

normally distributed variables.  Group differences of continuous baseline variables were 

calculated using T-Tests, Wilcoxon rank sum tests or generalized linear models, as 

appropriate.  Categorical baseline characteristics were tested using Chi-square tests.  We 

identified potential effect modifiers based on a priori knowledge and tested for 

interaction in models accordingly for each analysis.  For example, studies have shown 

that factors such as parity, maternal age, SES and infant sex can influence 

immunoglobulin levels and we therefore included these variables in interaction terms 

(152, 153). We found no significant interactions and therefore did not include interaction 

terms in our models. 
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For all analysis, baseline characteristics of the two treatment groups were 

comparable; hence, upon initial analysis, we did not include covariates aside from 

“treatment group” in models.  Because this was a randomized, controlled clinical trial in 

which treatment groups were similar at baseline we calculated group differences using T-

Tests, Wilcoxon rank sum tests and unadjusted models.   

Breast milk analysis:  statistical methodology 

Four hundred and fifty participants provided breast milk at 1 month post-partum.  

Of the 450 samples, a random sub-sample of 240 samples was selected for PUFA 

analysis, and 174 were analyzed due to logistical reasons (budget and personnel 

constraints).  Baseline demographics and infant outcomes such as birth weight and 

gestational age at delivery were similar between the sub-sample and our study sample, so 

we assume that the selection process did not introduce selection bias in our analyses.  

Extreme high and low outliers in the main outcomes variables (breast milk PUFAs) were 

deleted using the following criteria for problematic outliers: quartile 3 + (3*inter-quartile 

range) and quartile 1 – (3*inter-quartile range) for group comparisons of PUFA 

concentrations in breast milk.  Between-group differences in breast milk fatty acid 

concentrations were evaluated using either Wilcoxon rank sum tests or T-Tests, as 

appropriate.  We computed Spearman correlation coefficients to describe the relationship 

between breast milk fatty acids and dietary intake and plasma DHA, EPA, AA levels.  

The effect of treatment group on breast milk fatty acids concentrations was also 

examined using general linear models.  We conducted statistical analyses using TTEST, 

NPAR1WAY, GLM and CORR procedures. 
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Morbidity analysis:  statistical methodology   

We conducted the analysis according to the intention-to-treat principle, and 

analyzed the entire study population with available data at 1, 3 and 6 months post-partum.  

We created a variable of aggregate symptoms including phlegm, nasal congestion, nasal 

secretion, or cough, which we classified as an upper respiratory tract infection 

(henceforth denoted as “cold”) (154).  Mothers were asked at the 1 and 3 month study 

visits if they breast fed their child (yes/no); hence, breast feeding information is available 

through 3 months post-partum.   

 Differences between reported illness symptoms in the previous 15 days, care 

seeking, and severity of diarrhea were tested using logistic regression, Chi-square and 

Fisher’s exact tests, as appropriate.  Duration of child illness was assessed using, because 

it was count data (number of days ill), unadjusted Poisson regression models that 

included only children who experienced that particular illness symptom being tested.   

Response to hepatitis B and tetanus vaccination analysis 

We analyzed all available 3-month infant plasma samples (n=592).  

Immunoglobulin concentrations were natural log-transformed to approximate normal 

distributions, and concentrations were expressed as geometric means (GM) with 95% 

confidence intervals (CI).  The effect of treatment on immunoglobulin concentration was 

assessed using unadjusted generalized linear models, and estimates were exponentiated 

because of the initial log-transformation of the values.  We computed Spearman 

correlation coefficients to describe the relationship between immunoglobulin 

concentrations at 3 months and select characteristics such as SES, parity, gestational age, 
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birth weight and maternal age.  We conducted statistical analyses using TTEST, 

NPAR1WAY, GLM and CORR procedures. 

Description of my specific contributions to the study:   

Laboratory:  I conceptualized the methods used to measure immune function in 

the infants, identified a laboratory at CDC willing to perform the immunoglobulin 

analyses and helped in the CDC laboratory with the immunoglobulin determinations 

using Luminex technology.   

Data management and analysis:  I helped maintain the study’s adverse events 

database and my duties included receiving, reviewing, entering and analyzing data sent 

by Mexico.  I assisted in the preparation of progress reports sent to NIH and the March of 

Dimes by creating tables and summarizing data. 

Grant writing:  I was the primary author of the supplemental NIH grant that 

funded this dissertation research. I also assisted in writing other grants related to the 

DHA project by performing literature reviews and statistical analyses and by 

summarizing preliminary findings.   

Additional study activities: I assisted in the development of study protocols and 

questionnaires including the child health diary, the 15-day morbidity recall and the child 

health history.  I also took several trips to the study site in Mexico to assist with study 

oversight, particularly, collection, organization and storage of maternal and infant blood 

samples. 
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CHAPTER 5 

 

DOCOSAHEXAENOIC ACID SUPPLEMENTATION FROM MID-PREGNANCY 

THROUGH PARTURITION INFLUENCED BREAST MILK FATTY ACID 

CONCENTRATIONS AT 1 MONTH POSTPARTUM IN A DOUBLE-BLIND 

RANDOMIZED, CONTROLLED TRIAL IN MEXICO 
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ABSTRACT 

Objectives:  Omega-3 polyunsaturated fatty acids (PUFAs), including docosahexaenoic 

acid (DHA, 22:6n-3), are essential for neural development and accumulate extensively in 

the fetal and infant brain.  The concentration of omega-3 PUFAs in breast milk influences 

the PUFA status of the breastfed infant.  DHA concentration in breast milk has been 

shown to increase with maternal supplementation with fish oil during pregnancy and/or 

lactation, but the benefits of prenatal supplementation with DHA alone are unknown.  We 

investigated the effect of prenatal DHA supplementation on PUFA concentrations in 

breast milk at 1 month post-partum.  Methods:  In a double-blind randomized, controlled 

trial in Mexico, 1040 pregnant women were supplemented daily with 400 mg algae-

derived DHA or placebo from 18-22 weeks’ gestation through parturition.  Fatty acid 

concentrations (% of total fatty acids) were determined in breast milk obtained from 174 

women at 1 month post-partum using gas liquid chromatography.  Results:  Women in 

the DHA group had higher mean breast milk DHA and alpha-linolenic acid (ALA, 18:3n-

3) concentrations, expressed as % of total fatty acids, compared to the placebo group at 1 

month post-partum.  Mean breast milk DHA concentrations in the DHA and placebo 

groups were 0.20 (SD=0.06) and 0.17 (SD=0.07), respectively (∆=0.02, 95% CI=-0.04, -

0.004), and mean ALA concentrations were 1.38 (SD=0.47) and 1.24 (SD=0.46), 

respectively.  Concentrations of other PUFAs such as eicosapentaenoic acid (EPA) and 

arachidonic acid (AA) did not differ between groups (p>0.05).  Maternal plasma DHA 

concentrations correlated positively with breast milk DHA at 1 month post-partum in 

both the placebo and DHA groups (r=0.4, p<0.01 for both treatment groups).  

Conclusions:  Prenatal DHA supplementation from 18-22 weeks’ gestation through 
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parturition increased concentrations of DHA and ALA in breast milk at 1 month post-

partum, providing a mechanism through which breastfed infants could benefit.   
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INTRODUCTION 

Long chain polyunsaturated fatty acids (LCPUFAs) such as docosahexaenoic acid (DHA, 

22:6n-3) and arachidonic acid (AA, 20:4n-6) are important components of brain and 

retinal cell membrane lipids and accumulate extensively in the fetal and infant brain 

during the last trimester of pregnancy and infancy (1-3).  LCPUFAs are preferentially 

transported across the placenta to the developing fetus, and in vivo studies conducted in 

humans have shown preferential placental transfer of DHA, specifically (4).  LCPUFAs 

are present in breast milk and their variable concentration depends upon maternal stores, 

dietary intake and synthesis in the mammary glands; however, synthesis of DHA in the 

mammary gland is likely minimal (1, 5, 6).  DHA concentration in breast milk has been 

shown to decrease between lactation weeks 6 and 30, and supplementation of lactating 

women improves DHA breast milk concentrations (7-9).   Since the developing fetus and 

breastfed infant rely on maternal supply of DHA, adequacy of DHA in the maternal diet 

during pregnancy and lactation is critical. 

Dietary intake of omega-3 PUFAs in many parts of the world, including the U.S., 

is low, while intake of omega-6 PUFAs has increased (10).  Intake of n-3 PUFAs and 

DHA+ eicosapentaenoic acid (EPA, 20:5n-3) in the U.S. are an estimated 1.6 g/d and 0.1-

0.2 g/d, respectively, and the ratio of dietary n-6:n-3 PUFAs is approximately 9.8:1 (11).  

Populations living in coastal countries such as Japan and Norway, where fish is widely 

consumed, have higher dietary intake of n-3 PUFAs and correspondingly high 

concentrations of DHA in their breast milk (10, 12).  Although there is no official dietary 

recommendation for EPA and DHA intake in the United States, several expert groups 

suggest DHA intakes of at least 200-220 mg/d (up to 1 g/d) for pregnant and lactating 
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women, and 2.7 g/d of n-3 PUFAs, and the suggested n-6:n-3 ratio is approximately 2-5:1 

(11, 13, 14).  Since breast milk DHA concentrations are dependent on maternal diet and 

stores, low DHA intake, as seen in many populations, results in low concentration of 

DHA in breast milk.  Consequently, low DHA concentration in breast milk can 

negatively influence growth and development of the breastfed infant. 

This study investigated the influence of DHA supplementation from gestation  

weeks 18-22 through parturition on breast milk fatty acid composition 1 month post-

partum.  To our knowledge, this is the first study to assess the impact of algae-derived 

DHA supplements during the latter half of pregnancy on breast milk composition. 

 

METHODS 

Study population and setting 

Study participants were recruited at the Mexican Institute of Social Security (Instituto 

Mexicano del Seguro Social or IMSS) General Hospital I, a large hospital located in 

Cuernavaca, Mexico, and 3 small health clinics within the IMSS system in Cuernavaca 

during routine prenatal care visits between February 2005 and February 2007.   The 

IMSS health care system provides employed persons access to medical care. Women 

were considered for inclusion in the study if they were in gestation weeks 18-22, planned 

to predominantly breastfeed for at least 3 months, were 18-35 years old, planned to 

deliver at the IMSS General Hospital in Cuernavaca, and planned to live in the area for 2 

years after delivery.  Women were excluded if any of the following criteria were present:  

1) high risk pregnancy, 2) lipid metabolism or absorption disorders, 3) regular intake of 

fish oil or DHA supplements, or 4) chronic use of certain medications, such as 
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medications for epilepsy.  Written informed consent was obtained from each participant 

after a thorough explanation of the study details, and participants were free to withdraw 

from the study at any time.  

Ethics:  The study protocol and all informed consent documents were approved 

by Emory University’s Human Investigations Board and by the Instituto Nacional de 

Salud Pública (INSP) and the IMSS General Hospital I’s Human Subjects Boards.  The 

welfare of the subjects was monitored by an external Data Safety Monitoring Committee. 

This study is an ongoing collaborative project between the INSP in Cuernavaca, Mexico 

and Emory University, and is a registered clinical trial (registered at INSP in Mexico:  

#CI-011, and at clinicaltrials.gov: NCT00646360). 

 

Study Design 

Women were assigned to receive either 400 mg DHA or placebo daily, from gestation 

weeks 18-22 through parturition. The DHA capsules contained 200 mg DHA each 

derived from an algal source (Martek Biosciences Corporation, Columbia, MD).  The 

placebo capsules contained olive oil, and were similar in appearance and taste to the 

DHA capsules.  Fieldworkers visited the women’s homes weekly to deliver a new bottle 

of 14 capsules, and compliance was monitored by counting any remaining pills and 

through interviews with participants. 

All participants and members of the study team were blinded to the treatment 

scheme throughout the intervention period of the study.  The blinding code was placed in 

sealed envelopes at the beginning of the study, and these envelopes were held by 

investigators at Emory who were not involved in the study.  Data were un-blinded for the 
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analytical study team after the last baby in the study was born and had completed 6 

months of age, at which time participants were no longer taking supplements.  As the 

study is ongoing for follow-up of child development, participants and field workers in 

Mexico remain blinded to the treatment allocation. 

All eligible women were randomized to either the treatment or the control group 

using a computer-generated list created by the study biostatistician at Emory University.  

Women were randomized to either the treatment or the control group using the block 

randomization method to randomly create balanced replication of 4 treatments (2 colors 

for DHA and 2 for control) using a block size of 8. Success of randomization was 

assessed by comparison of a variety of baseline maternal characteristics in the two 

treatment groups.   

 

Ascertainment of prenatal dietary intake 

Using a validated food frequency questionnaire (FFQ), we assessed maternal dietary 

intake at 18-22 weeks’ gestation.  The 110 item FFQ included specific questions about 

consumption of sources of DHA such as fresh water fish, seafood, canned tuna and 

sardines, salmon, trout, cod liver oil, and dried fish called “charales” in the previous 3 

months.  Estimates of n-3 PUFA  intake ascertained using this FFQ correlate reasonably 

well with erythrocyte membrane n-3 PUFA phospholipid concentration (15).   

 

 

Blood and milk samples 
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Breast milk samples were collected from all women who agreed to provide samples at the 

IMSS hospital during routine study visits at 1 month post-partum.  The milk samples 

were taken during a morning feed between 8AM and 12PM, and mothers were asked to 

feed their infant before coming to the hospital so that the milk sample was not from the 

first feed of the day.  Initially, 5 ml of foremilk was hand-expressed before infants were 

allowed to suckle the nipple for 10 minutes; afterwards an expression of 5 ml of hindmilk 

was collected into the same 14 ml plastic test tube and was thoroughly mixed with the 

initial 5 ml foremilk sample.  The samples were then aliquoted into multiple cryovials 

and frozen in a nitrogen environment -70° C.   

Seven ml of maternal blood was obtained by venipuncture by trained technicians 

at the IMSS hospital at 18-22 weeks’ gestation and at delivery.  All samples were 

collected into tubes containing EDTA.  Plasma and erythrocytes were separated by 

centrifugation at 800 G for 10 minutes at room temperature.  Plasma and erythrocytes 

were then aliquoted into multiple cryovials, and were immediately frozen in a nitrogen 

environment and stored at -70° C. 

The total fat from milk and plasma was extracted with a chloroform-methanol 

mixture (2:1).  The yield was determined by gravimetry following a modification of the 

method described by Folch and was expressed as g/100 g of serum or milk (16).  Fatty 

acids were derivatized using borum trifluride and were then extracted with pure hexane.  

The extracts were injected into a gas chromatograph Hewlett Packard (USA) Mod. 5890 

Series II, using a 100 m length x 0.25 mm internal diameter Supelco SP 2560 (USA) 

column.  The chromatographic peaks were identified using true reference standards for 
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37 fatty acids, (Supelco, St. Louis, MO, USA).  The fatty acid content is expressed as 

percentage of total fat.  

 

Statistical analysis 

We conducted the analysis according to the intention-to-treat principle, and analyzed a 

random sub-sample of 174 human milk samples collected at 1 month post-partum.  

Continuous baseline characteristics and characteristics at birth were tested for normality, 

and group differences were calculated using T-Tests or Wilcoxon rank sum tests, as 

appropriate.  Categorical characteristics were tested using Chi square tests.  Extreme 

outliers in the main outcomes variables (breast milk PUFA concentrations) were deleted 

using the criteria: quartile 3 + (3*inter-quartile range).  Between-group differences in 

between breast milk fatty acid concentrations were evaluated using either Wilcoxon rank 

sum tests or T-Tests, as appropriate.  We computed Spearman correlation coefficients to 

describe the relationship between breast milk fatty acids and dietary intake and plasma 

DHA, EPA and AA levels.  We conducted statistical analyses using TTEST, 

NPAR1WAY and CORR procedures in the Statistical System Software version 9.2, SAS 

Institute, Cary, North Carolina.  Statistical significance was defined as p ≤ 0.05. 

Role of the funding source:  The National Institutes of Health and The March of 

Dimes Foundation provided funding for the study.  Martek Biosciences Corporation 

provided the DHA supplement. None of the sponsors had any role in the design or 

conduct of the study, or in the analysis and interpretation of the data. 
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RESULTS 

CONSORT:  Among the 1836 women screened, 1762 were eligible to participate in the 

study and 1094 were randomized to treatment (Figure 1).  Of women randomized, 523 in 

the DHA group and 517 in the placebo group received at least one dose of treatment.  

Four hundred and eighty five women in the DHA group and 488 women in the placebo 

group completed treatment by remaining in the study through parturition.  Among 

women who received treatment, 6.4% were lost to follow up before delivery.  Select 

reasons for the 67 losses to follow up between receiving treatment and parturition 

included moving out of the area, refusal to participate, the husband did not want the 

woman to continue with the study and the supplement made the woman feel bad.  We 

analyzed a random sub-sample of 174 breast milk samples obtained at 1 month. 

Baseline characteristics: Baseline maternal characteristics for the sub-sample of 

174 mothers who provided breast milk samples were similar between treatment groups 

(Table 1).  Women were on average 26 years old and 20.6 weeks gestation, and 34.5% 

were primiparous at baseline.  The women had completed an average of 11.6 years of 

school, and SES levels were similar across groups.  Characteristics at delivery of the 174 

infants whose mothers provided breast milk samples were also similar between groups.  

Daily dietary intake of the 174 women at 18-22 weeks gestation did not differ between 

treatment groups (Table 2).   

 Fatty acid composition of breast milk:  Mean concentrations of both DHA and 

ALA in breast milk, expressed as % of total fatty acids, were higher in the DHA group, 

compared to the placebo group at 1 month post-partum (Table 3).  Breast milk 

concentrations of other PUFAs did not differ between treatment groups.  Correlations 
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between DHA, eicosapentaenoic acid (EPA), and arachidonic acid (AA) in breast milk 

and PUFA concentrations at baseline and delivery and dietary PUFA intake, by group, 

are shown in Table 4.  Maternal plasma phospholipid DHA concentrations correlated 

positively with breast milk DHA at 1 month post-partum in both the placebo and DHA 

groups (r=0.4, p<0.01 for both treatment groups).   

 

DISCUSSION  

We showed that supplementing women with 400 mg/d of algae-derived DHA 

from 18-22 weeks’ gestation through delivery resulted in significantly higher 

concentrations of both DHA and ALA in breast milk at 1 month post-partum.  Breast 

milk concentrations of other PUFAs such as EPA and AA acid did not differ between 

groups at 1 month post-partum.  We also found a positive correlation between DHA 

concentrations in maternal plasma and breast milk at 1 month post-partum.  To our 

knowledge, this was the first study to examine the influence of algae-derived DHA 

supplementation in pregnancy alone on breast milk PUFA concentrations.  Previous 

studies have examined the influence of maternal supplementation with n-3 PUFAs on 

PUFA breast milk content, but have focused on supplementation during lactation, 

supplementation during lactation and pregnancy, and/or supplementation with fish oil 

(DHA+EPA) rather than DHA alone. 

Demonstrating the efficacy of algae-derived DHA in improving breast milk DHA 

concentrations has important implications; first, purified algae-derived DHA does not 

contain toxicants such as methylmercury, polychlorinated biphenyls (PCBs) and dioxins, 

and second, this source of DHA provides an option other than fish oil and fish for persons 
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who do not consume seafood.  Also, the unique design of the current study allows us to 

examine the influence of prenatal DHA on breast milk DHA concentrations without 

having to consider EPA, the other n-3 PUFA contained in fish oil.  This provides insight 

into the influence of an individual long-chain PUFAs, DHA, on outcomes of interest. 

Although our findings show that DHA in pregnancy improved breast milk DHA 

concentrations, we do not know if this difference is biologically significant for the 

breastfed infant.  However, since maternal DHA status declines in later pregnancy and 

early breastfeeding, any significant increase in breast milk DHA concentration should be 

deemed desirable.  The concentration of breast milk DHA in the DHA group was 15% 

higher than in the placebo group and the effect size of the difference is approximately 

0.5, indicating a medium effect size.  Higher concentration of DHA in breast milk 

indicates better maternal DHA status, which could benefit both the infant and the mother.  

The infant could benefit because DHA in breast milk correlates positively with DHA 

nutriture of the infant, which has been shown to influence cognitive development (1).  

Additionally, improved DHA nutriture in the mother may provide benefits such as a 

lower risk of pre-eclampsia and post-partum depression (17-20).   

We found higher concentrations of breast milk ALA in the DHA-supplemented 

group.  This finding is inconsistent with other trials of fish oil supplementation in 

pregnancy and/or lactation, which overall have shown no influence of fish oil 

supplementation on breast milk ALA concentrations.  Although saturation is one possible 

explanation of higher concentrations of ALA in the DHA-supplemented group, DHA 

conversion from ALA is inefficient and should not influence ALA concentrations.  

Maternal diet can also influence ALA and DHA concentrations in breast milk and 
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although diet did not differ between groups at baseline, we do not know at this time if 

diet differed at 3 months post-partum. 

The present study was conducted in a developing country, in a population in 

which dietary DHA intake is lower than recommended (21).  Our study setting and 

population were unique, as most of the n-3 PUFA supplementation trials have been 

conducted in Europe, Australia and the United States.  The conduct of such trials in 

developing countries is especially important because DHA intake in many developing 

countries is particularly low due to the high cost of marine foods. 

A recent study conducted in Australia by Dunstan et al. (2007) showed that 

supplementation of pregnant atopic women with 2.2g DHA and 1.1g EPA from 20 

weeks’ gestation through parturition resulted in higher breast milk DHA and EPA 

concentrations at 3 days and 6 weeks post-partum (5).  By 6 months post-partum, there 

was no difference in breast milk PUFA composition between intervention and control 

groups.  Similar to our study, women in this study were supplemented only during 

pregnancy; however, this study focused on atopic women, and the women were 

supplemented with fish oil.  In another recent study conducted by Bergmann et al. 

German women were supplemented with either a multi-vitamin, a multi-vitamin plus 

fructo-oligosaccharides (prebiotics), or a multi-vitamin plus fructo-oligosaccharides plus 

200 mg DHA from 21 through 36 weeks’ gestation, and then from the second week after 

delivery through 3 months post-partum (22).  This study showed that concentration of 

DHA in breast milk were twice as high in the DHA-supplemented women at 3 months 

post-partum, compared to the other two treatment groups.  Dunstan et al. showed that 

supplementing pregnant women daily from 20 weeks gestation through delivery with fish 
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oil resulted in significantly higher breast milk DHA and EPA concentrations in the fish 

oil group at 3 days post-partum, compared to the control group (23).  Helland et al. 

supplemented pregnant women with cod liver oil or corn oil from 17-19 weeks’ gestation 

through 3 months post-partum and found higher concentrations of DHA in breast milk in 

the fish oil group, compared to the control group (24).  Several studies that have focused 

on supplementation during lactation have shown higher breast milk DHA concentrations 

in the supplemented groups. 

Jensen and colleagues supplemented 3 groups of lactating women from post-

partum weeks 2 through 8 with either DHA derived from algae, high-DHA eggs, or 

marine oil (25).  The three groups of supplemented women had higher breast milk DHA 

concentrations than the control group, and a dose-response was observed.  The 

investigators noted a strong correlation between maternal plasma erythrocyte DHA 

concentration and breast milk DHA concentration.  Lactating women were supplemented 

with two different doses of tuna oil or placebo in a study conducted by Hawkes et al., and 

results showed that lactating women in the tuna oil groups had significantly higher DHA 

concentrations in their breast milk, compared to controls (26, 27).  Similarly, Helland et 

al. showed that short-term supplementation with cod liver oil during lactation resulted in 

significantly higher DHA concentrations in breast milk, compared to placebo (28).  Boris 

and colleagues supplemented Danish pregnant women with fish oil from the 30
th

 week of 

pregnancy through 30 days post-partum, or through delivery (29).  Women who 

consumed fish oil through 30 days post-partum had significantly higher breast milk DHA 

concentrations at 4, 16 and 30 days post-partum, compared to controls and to women who 

ceased supplementation at delivery.  Contrary to our findings, women in this study who 
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received fish oil supplementation only during pregnancy did not have significantly higher 

concentrations of breast milk DHA at 1 month post-partum. Lauritzen and colleagues 

found that supplementing Danish women with fish oil within one week of delivery 

through 4 months post-partum resulted in higher breast milk DHA concentration, 

compared to placebo (30, 31).  Additionally, infants of fish oil-supplemented mothers had 

higher DHA erythrocyte concentrations.  

The aforementioned studies demonstrate that maternal intake of DHA, most often 

in the form of fish oil, in pregnancy and/or lactation results in improved maternal, breast 

milk and infant n-3 PUFA status.  Overall, fish oil supplementation from mid-pregnancy 

through early lactation results in larger increases in DHA concentrations in breast milk 

than fish oil supplementation in pregnancy alone and higher doses of fish oil results in 

higher breast milk DHA concentrations.  Boris et al. specifically demonstrated that 

women who were supplemented with fish oil in pregnancy and lactation had higher 

concentrations of breast milk DHA at 30 days postpartum (1.4 % total fatty acids) 

compared to women supplemented during pregnancy alone (0.6 % total fatty acids).  

Also, women who were supplemented with the high dose of 2.1 g DHA from 20 weeks’ 

gestation through delivery had a 40% higher concentration of breast milk DHA at 6 

weeks postpartum than controls, with an effect size of 1.1, showing that higher 

concentrations of dietary DHA result in a large effect size (5).   

 

 

CONCLUSIONS 

Our current study showed that supplementing women from 18-22 weeks’ gestation 

through parturition with 400 mg DHA/day resulted in higher concentrations of breast 
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milk DHA and ALA, compared to placebo.  Adequate DHA concentration in breast milk 

is essential for the exclusively breastfed infant because breast milk provides the sole 

source of nutrition for the infant.  Higher concentration of DHA in breast milk indicates 

better maternal DHA status, which could benefit both the infant and the mother.  The 

infant could benefit because DHA in breast milk correlates positively with DHA nutriture 

of the infant, which has been shown to influence cognitive development (1).  

Additionally, improved DHA nutriture in the mother may provide benefits such as a 

lower risk of pre-eclampsia and post-partum depression (17-20).  Our study demonstrated 

that improvements in breast milk DHA status can be improved with a reasonable dose, 

equivalent to about 2 fish meals per week, of algae-derived DHA.  Intake of DHA is 

inadequate in many populations, including pregnant women in the United States, and 

dietary guidance and/or supplementation might be indicated to ensure an adequate supply 

of DHA for both the mother and her infant.   
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TABLE 1   Selected characteristics at 18-22 weeks’ gestation and at delivery of 

174 women who provided breast milk samples at 1 month post-

partum 

 

 DHA Group 

(n=87) 

Placebo Group 

(n=87) 
P-value 

At Baseline    

Age, mean (SD), y 26.4 (5.1) 25.8 (4.8) 0.42 

 

Gestational age, mean (SD), wk 20.7 (2.0) 20.6 (1.9) 0.74 

 

Primipara, % 32.2 36.8 0.52 

 

Parity, mean (SD) 2.1 (1.0) 2.0 (1.1) 0.57 

 

Weight, mean (SD), kg 61.1 (9.9) 62.0 (10.0) 0.56 

 

Height, mean (SD), cm 154.4 (5.9) 155.6 (5.4) 0.16 

 

BMI, mean (SD), kg/m
2
 25.6 (3.6) 25.6 (3.7) 0.95 

 

Schooling, mean (SD), y 11.4 (3.6) 11.7 (3.4) 0.66 

 

SES, mean (SD), PCA -0.13 (1.0) -0.08 (1.0) 0.76 

 

At Delivery    

Gestational age, mean (SD),  wk 39.1 (2.0) 39.4 (1.8) 0.34 

 

Premature, %, <37 wk 8.1 7.0 0.79 

 

Birth weight, mean (SD), g 3246 (445.5) 3254 (455.4) 0.90 

 

PCA indicates principal components analysis.  Chi square tests, T-tests or Wilcoxon rank 

sum tests were used to assess significant differences between groups



73 

 

TABLE 2  Dietary intakes in women 18-22 weeks’ gestation evaluated by a food 

frequency questionnaire 

 

 
DHA Group (n=87) 

Placebo Group 

(n=87) 
P-value 

 

Energy, median                         

(Q1, Q3), Kcal/d 

 

3197 (2722, 4014) 

 

3444 (2901, 4170) 

 

0.41 

Total fat, median               

(Q1, Q3), g/d 

89.3 (71.2, 121.8) 97.4 (79.3, 121.8) 0.51 

Saturated fat, median (Q1, 

Q3), g/d 

28.1 (21.2, 37.9) 29.3 (24.4, 37.7) 0.36 

Monounsaturated fatty 

acids, median (Q1, Q3), 

g/d 

32.3 (26.0, 45.9) 34.8 (26.9, 45.7) 0.77 

Polyunsaturated fatty acids, 

median (Q1, Q3), g/d  

19.2 (14.4, 26.1) 20.6 (15.9, 26.4) 0.48 

∑n-6 fatty acids, median 

(Q1, Q3), g/d 

18.3 (13.0, 23.4) 18.7 (14.5, 23.4) 0.57 

   18:2n-6 (LA) ,      median 

(Q1, Q3), g/d 

18.2 (12.9, 23.0) 18.5 (14.4, 23.3) 0.44 

   20:4n-6 (AA) ,               

median (Q1, Q3), g/d 

0.14 (0.09, 0.19) 0.13 (0.10, 0.18) 0.79 

∑n-3 fatty acids, median 

(Q1, Q3), g/d  

1.51 (1.07, 2.03) 1.60 (1.10, 2.34) 0.12 

   18:3n-3 (ALA) , median 

(Q1, Q3), g/d 

1.35 (1.02, 1.85) 1.54 (0.99, 2.17) 0.30 

   20:5n-3 (EPA) , median 

(Q1, Q3), g/d 

0.02 (0.01, 0.03) 0.02 (0.01, 0.04) 0.21 

   22:6n-3 (DHA) , median 

(Q1, Q3), g/d 

0.06 (0.03, 0.08) 0.05 (0.04, 0.10) 0.43 

n-6:n-3, median (Q1, Q3), 

ratio of n-6 to n-3 fatty 

acids 

12.6 (8.7, 16.7) 11.9 (9.6, 14.9) 0.40 

 

Q1, Q3 indicates quartile 1 and quartile 3.  T-tests or Wilcoxon rank sum tests, as appropriate, 

were used to assess differences between groups
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TABLE 3 Mean fatty acid concentrations in breast milk (% of total fatty acids) 

measured 1 month post-partum 

 

 % of total fatty acids in breast milk at 1 month post-partum 

Fatty acid 
DHA Group

 

(n=87) 

Placebo Group
 

(n=87) 
P-value 

Saturated, mean (SD) 40.41 (4.61) 41.46 (5.05) 0.15 

Unsaturated, mean (SD) 39.62 (3.05) 39.51 (3.14) 0.82 

∑n-6, mean (SD) 18.06 (3.15) 17.24 (3.52) 0.11 

18:2n-6 (LA), mean (SD) 16.53 (2.98) 15.75 (3.41) 0.11 

    20:2n-6, mean (SD) 0.45 (0.10) 0.47 (0.12) 0.88 

    20:3n-6, mean (SD) 0.43 (0.09) 0.45 (0.11) 0.14 

    20:4n-6 (AA), mean (SD) 0.41 (0.12) 0.43 (0.12) 0.23 

∑n-3, mean (SD) 1.92 (0.57) 1.79 (0.58) 0.16 

    18:3n-3 (ALA), mean (SD) 1.38 (0.47) 1.24 (0.46) 0.02 

    20:5n-3, (EPA) mean (SD) 0.14 (0.13) 0.16 (0.15) 0.25 

    22:5n-3, mean (SD) 0.10 (0.04) 0.12 (0.05) 0.06 

    22:6n-3, (DHA) mean (SD) 0.20 (0.06) 0.17 (0.07) <0.01 

n-6:n-3, mean (SD), ratio of    

n-6 to n-3 fatty acids 

9.88 (2.00) 10.12 (2.12) 0.43 

 

T-tests or Wilcoxon rank sum tests, as appropriate, were used to assess differences between 

groups.
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TABLE 4 Spearman rank-order correlation between breast milk DHA, EPA and AA concentration at 1 month post-

partum and maternal intake of fatty acids in pregnancy, plasma phospholipid fatty acid concentrations at 

baseline, delivery and 1 month post-partum, by treatment group 

 
Breast 

milk 

PUFAs 

at 1 

month 

PP (% 

of total 

fatty 

acids) 

 

Maternal 

DHA 

plasma 

baseline 

Maternal 

DHA 

plasma 

delivery 

Maternal 

DHA 

plasma 1 

month 

PP 

Dietary 

DHA 

intake 

base-

line 

Maternal 

AA 

plasma 

baseline 

Maternal 

AA 

plasma 

delivery 

Maternal 

AA 

plasma 1 

month 

PP 

Dietary 

AA 

intake 

base-

line 

Maternal 

EPA 

plasma 

baseline  

Maternal 

EPA 

plasma 

delivery  

Maternal 

EPA 

plasma 1 

month 

PP 

Dietary 

EPA 

intake 

base-

line  

Placebo 

group 

(n=87) 

   DHA 

 

 

 

0.06 

 

 

 

0.06 

 

 

 

0.41
1
 

 

 

 

0.22
2
 

 

 

 

0.31
2
 

 

 

 

0.22 

 

 

 

0.22
2
 

 

 

 

0.24 

 

 

 

0.08 

 

 

 

0.15 

 

 

 

-0.06 

 

 

 

0.22
2
 

   EPA -0.13 0.00 -0.05 -0.12 0.12 0.04 0.08 -0.19 0.04 0.15 -0.03 -0.12 

   AA -0.03 0.04 0.40
1
 0.18 0.34

1
 0.42

1
 0.54

1
 0.24

2
 0.23 0.18 -0.06 0.12 

 

DHA 

group 

(n=86) 

   DHA 

 

 

 

 

-0.08 

 

 

 

 

-0.00 

 

 

 

 

0.41
1
 

 

 

 

 

-0.05 

 

 

 

 

-0.12 

 

 

 

 

0.02 

 

 

 

 

0.27
2
 

 

 

 

 

-0.10 

 

 

 

 

0.11 

 

 

 

 

0.07 

 

 

 

 

0.10 

 

 

 

 

-0.07 

   EPA -0.34 -0.19 0.11 -0.10 -0.20 0.11 0.08 0.00 0.32
2
 0.04 -0.04 -0.12 

   AA 0.01 -0.10 0.30
1
 -0.09 0.10 0.26

2
 0.47

1
 0.00 0.32

2
 0.04 0.05 -0.12 

 

 
1
p< 0.01; 

2
p<0.05
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Figure 1.  Trial profile 

1836 women screened 

1762 women eligible 

1094 women randomized 

547 allocated to 

DHA group 

547 allocated to 

placebo group 

523 received DHA 517 received placebo 

488 completed 

treatment with 

placebo 

74 women were 

ineligible 

668 women did 

not agreed to 

participate 

24 women 

never received 

DHA  

485 completed 

treatment with DHA 

38 did not 

complete 

treatment  

29 did not 

complete 

treatment  

30 women 

never received 

placebo  

Breast milk analyzed 

1 mo.: n=87 

 

Breast milk analyzed 

1 mo.:  n=87 
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MORBIDITY: A DOUBLE-BLIND RANDOMIZED CONTROLLED TRIAL IN 
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Abstract 

Background:  Long chain PUFAs such as docosahexaenoic acid (DHA) influence 

immune function and inflammation; however, the influence of maternal DHA intake on 

infant morbidity is unknown.  Objective:  We investigated the effect of prenatal DHA 

intake on infant morbidity at 1, 3 and 6 months.  Design:  In a double-blind RCT 

conducted in Mexico, pregnant women were supplemented daily with 400mg DHA or 

placebo from 18-22 weeks’ gestation through parturition.  At 1, 3 and 6 months 

caregivers reported occurrence and duration of illness symptoms in the preceding 15d.  

Results:  Among 1040 women randomized to treatment, morbidity data were available at 

1, 3 and 6 months for 849, 834 and 834 infants, respectively. The occurrence of specific 

illness symptoms did not differ between the groups at 1, 3 and 6 months; however, the 

occurrence of a combined measure of cold symptoms was lower in the DHA group 

(OR=0.76;95% CI=0.58,1.00) at 1 month.  Duration of illness varied between groups at 

1, 3 and 6 months.  At 1 month, the DHA group experienced 26, 15 and 30% shorter 

duration of cough (P<0.01), phlegm (P=0.01) and wheezing (P<0.01), respectively, but 

had 22% longer duration of rash (P<0.01).  At 6 months, infants exposed to DHA 

experienced 20, 13, 54, 22, and 25% shorter duration of fever (P=0.03), nasal secretion 

(P=0.02), difficulty breathing (P=0.02), rash (P<0.01)  and “other illness” (P=0.01), 

respectively, but  longer duration of vomiting (P<0.01).  Conclusion:  DHA intake 

during pregnancy decreased the occurrence of colds in 1-month-olds, and generally 

shortened illness symptom duration in 1- and 6-month-olds.   
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Introduction 

Long chain polyunsaturated fatty acids (LCPUFAs), particularly docosahexaenoic 

acid (DHA, 22:6n-3) and arachidonic acid (AA, 20:4n-6), are integral for fetal neural and 

retinal development and accrete extensively in these tissues in the last trimester of 

pregnancy (1-3).  LCPUFAs also serve as structural constituents of cell membranes and 

act as signaling molecules. LCPUFAs modulate immune function and inflammation 

through modification of the LCPUFA content of cell membranes and subsequent 

alteration in eicosanoid synthesis and lipid raft structure, alteration of cell membrane 

fluidity, regulation of nuclear transcription factors, modification of cytokine production 

and modification of cell adhesion molecule expression (4-12).  Trials in adults and 

children focusing on the effect of supplementation with fish oil or LCPUFAs on immune 

function and inflammation have shown inconsistent results; some trials have shown no 

effect of LCPUFA supplementation on illness, while others have shown a decreased 

incidence or severity of illness (13-18).  The specific clinical effects of n-3 PUFA 

supplementation in pregnancy on child morbidity are yet unknown; however, this 

question is important because the infant immune system begins to develop in utero and 

DHA intake is often inadequate in many populations of pregnant women. 

Dietary intake of n-6 PUFAs such as AA in numerous populations worldwide is 

adequate while dietary intake of n-3 PUFAs such as DHA is often insufficient, especially 

in pregnant women whose stores are mobilized for fetal growth (19, 20).  Maternal DHA 

status in pregnancy and breast milk PUFA levels correspond positively with infant status 

(21, 22).  Further, n-3 PUFA supplementation improves maternal status in pregnancy, 

breast milk LCPUFA concentrations and infant LCPUFA status (23-27).                                                           
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Infants are a vulnerable population born with immature immune systems and are 

unable to mount cell-mediated immune responses comparable to those mounted by 

adults, rendering them especially susceptible to infection (28, 29).  Worldwide, >50% of 

mortality in children <5 is caused by infection; hence, healthy infant immune function is 

essential for child health and survival (30, 31).  Numerous studies that have examined the 

potential influence of in utero and early postnatal nutritional insults on later immune 

function have shown varied results; however, compelling evidence that prenatal nutrition 

influences later immune function exists (32, 33).  For example, a  longitudinal study in 

the Philippines showed that, when challenged with vaccination, adolescents who had 

been prenatally undernourished had a lower probability of mounting an adequate immune 

response compared with adolescents who were adequately nourished during fetal 

development (33).  This and other studies show that in utero insults such as maternal 

nutritional deficiencies potentially influence the development of the fetal and subsequent 

infant immune system (34, 35).   

The influence of perinatal maternal LCPUFA nutriture on infant immune function 

is unclear; hence, we investigated the effect of DHA intake in the second half of 

pregnancy on morbidity in Mexican infants.  Specifically, we investigated the influence 

of daily DHA supplementation (400 mg/day) from gestation weeks 18-22 through 

parturition on care giver-reported infant illness symptoms. 

 

Methods 

Participants and setting:  Participants were recruited at the Mexican Institute of 

Social Security (Instituto Mexicano del Seguro Social or IMSS) General Hospital I, a 
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large hospital located in Cuernavaca, Mexico, and 3 small health clinics within the IMSS 

system in Cuernavaca during routine prenatal care visits between February 2005 and 

February 2007.   The IMSS health care system provides employed persons access to 

medical care.  Women were considered for inclusion in the study if they were in gestation 

weeks 18-22, planned to predominantly breastfeed for at least 3 months, were 18-35 

years old, planned to deliver at the IMSS General Hospital I in Cuernavaca and planned 

to live in the area for 2 years after delivery.  Women were excluded if any of the 

following criteria were present:  1) high risk pregnancy, 2) lipid metabolism or absorption 

disorders, 3) regular intake of fish oil or DHA supplements, or 4) chronic use of certain 

medications, such as medications for epilepsy.  Written informed consent was obtained 

from each participant after a thorough explanation of the study details, and participants 

were free to withdraw from the study at any time.  

Intervention:  Women were assigned to receive either 400 mg DHA or placebo 

daily, from gestation weeks 18-22 through parturition. The DHA capsules contained 200 

mg DHA each derived from an algal source (Martek Biosciences Corporation, Columbia, 

MD).  The placebo capsules contained olive oil, and were similar in appearance and taste 

to the DHA capsules.  Fieldworkers visited the women’s homes weekly to deliver a new 

bottle of 14 capsules, and compliance was monitored by counting any remaining pills and 

through interviews with participants. 

Blinding:  All participants and members of the study team were blinded to the 

treatment scheme throughout the intervention period of the study.  The blinding code was 

placed in sealed envelopes at the beginning of the study, and these envelopes were held 

by investigators at Emory who were not involved in the study.  Data were un-blinded for 
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the analytical study team after the last baby in the study was born and had completed 6 

months of age, at which time participants were no longer taking supplements.  As the 

study is ongoing for follow-up of child development, participants and field workers in 

Mexico remain blinded to the treatment allocation. 

Randomization: All eligible women were randomized to either the treatment or 

the control group using a computer-generated list created by the study biostatistician at 

Emory University.  Women were randomized to either the treatment or the control group 

using the block randomization method to randomly create balanced replication of 4 

treatments (2 colors for DHA and 2 for control) using a block size of 8. Success of 

randomization was assessed by comparison of a variety of baseline maternal 

characteristics in the two treatment groups.   

Outcomes:  Child morbidity information was captured using a 15-day recall 

questionnaire when mothers brought their infants to the hospital for study visits at 1, 3 

and 6 months.  Mothers were asked questions about the occurrence of illness symptoms, 

duration of symptoms and whether they sought medical care for their infant’s symptoms.  

For example, mothers were asked “In the past 15 days, has your child experienced fever”; 

mothers who responded affirmatively were then asked “on what date did the symptoms 

begin, and on what date did they end” and “did you seek medical care for this illness?”  

We created a variable of aggregate symptoms including phlegm, nasal congestion, 

nasal secretion, or cough, which we classified as an upper respiratory tract infection 

(henceforth denoted as “cold”) (36).  Mothers were asked at the 1 and 3 month study 

visits if they breast fed their child (yes/no); hence, breast feeding information is available 

through 3 months post-partum.   
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Ethics:  The study protocol and all informed consent documents were approved 

by Emory University’s Human Investigations Board and by the Instituto Nacional de 

Salud Pública (INSP) and the IMSS General Hospital I’s Human Subjects Boards.  The 

welfare of the subjects was monitored by an external Data Safety Monitoring Committee. 

This study is an ongoing collaborative project between the INSP in Cuernavaca, Mexico 

and Emory University in Atlanta, Georgia, and is a registered clinical trial (registered at 

INSP in Mexico:  #CI-011, and at clinicaltrials.gov: NCT00646360). 

Role of the funding source:  The National Institutes of Health and The March of 

Dimes Foundation provided funding for the study.  Martek Biosciences Corporation 

provided the DHA supplement and placebo. None of the sponsors had any role in the 

design or conduct of the study, or in the analysis and interpretation of the data. 

Statistical analysis:  We conducted the analysis according to the intention-to-treat 

principle, and analyzed the entire study population with available data at 1, 3 and 6 

months post-partum.  Continuous baseline characteristics and characteristics at birth were 

tested for normality, and group differences were calculated using T-Tests or Wilcoxon 

rank sum tests.  Differences between categorical characteristics were tested using Chi 

square tests.  Differences between reported illness symptoms in the previous 15 days, 

care seeking and severity of diarrhea were tested using Chi square and Fisher’s exact 

tests, and unadjusted logistic regression models, which generated odds ratios (OR) and 

95% CIs.  Differences in duration of child illness were assessed using unadjusted Poisson 

regression models that included only children who experienced the specific illness 

symptom being tested and provided risk ratios (RR) and 95% CIs.  If duration of illness 

for a reported symptom was missing, we did not include that child in that particular 
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analysis.  We did not control for breast feeding status, or any demographic or outcome 

measures such as SES and birth weight because these characteristics were similar in the 

two groups.  Using logistic and Poisson regression, we also conducted a secondary 

analysis testing whether breast feeding alone influenced occurrence and duration of 

illness.  Statistical significance was defined as P ≤ 0.05.  We conducted statistical 

analyses using LOGISTIC and GENMOD procedures in the Statistical System Software 

version 9.2, SAS Institute, Cary, North Carolina. 

 

Results 

CONSORT:  Figure 1 shows the trial profile.  Among the 1836 women screened, 

1762 were eligible to participate in the study and 1094 were randomized to treatment 

(547 to the DHA group and 547 to the placebo group).  Of women randomized, 523 in 

the DHA group and 517 in the placebo group received at least one dose of treatment (54 

women never received a supplement).  Four hundred and eighty five women in the DHA 

group and 488 women in the placebo group completed treatment by remaining in the 

study through parturition.  Among women who received treatment, 6.4% were lost to 

follow up before delivery.  Select reasons for the 67 losses to follow up between 

receiving treatment and parturition included moving out of the area, refusal to participate, 

the husband did not want the woman to continue with the study and the supplement made 

the woman feel bad.  Further losses to follow up occurred at 1, 3 and 6 months post-

partum; 851, 835 and 834 women attended their 1, 3 and 6 month post-partum visits, 

respectively.  Overall, loss to follow up of women who initially received treatment 

through 6 months post-partum was 19.8%, and was similar between the treatment groups 
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(P=0.7).  The compliance rate, measured as the proportion of capsules consumed of the 

capsules distributed, was high (>94%) and was similar between the two groups (P=0.6). 

Baseline demographics: Baseline maternal characteristics for the 851 mothers 

who attended the 1 month post-partum visit were similar between treatment groups 

(Table 1).  At randomization women were on average 26 years old and 20.5 weeks’ 

gestation.  Approximately 38% were primiparous.  The women completed an average of 

12 years of school, and SES levels were similar across groups.  Characteristics at delivery 

of the 851 infants whose mothers attended the 1 month post-partum visit were also 

similar across groups (Table 2).  Fifty three percent of the children were male; birth 

weight and length were, on average, 3224.2 g and 50.4 cm, respectively.  Average 

gestational age at birth was 39 weeks, and 9% of babies were premature (<37 weeks’ 

gestation). 

Numbers analyzed:  We assessed infant morbidity at 1, 3 and 6 months of age.  

Morbidity data were available for 849, 834 and 834 infants, respectively at 1, 3 and 6 

months; however, duration of illness was not available for each case of reported illness.  

Outcomes:  History of specific illness symptoms such as cough and nasal 

congestion in the previous 15 days did not differ significantly between the treatment 

groups at 1, 3 or 6 months; however, the higher occurrence of nasal secretion in the 

placebo group at 1 month approached significance (Table 3).  For our combined measure 

of upper respiratory tract infection (“cold”) symptoms, the DHA group reported a lower 

occurrence of cold symptoms than the placebo group at 1 month (OR=0.76, 95% CI 0.58, 

1.00).  Percentage time ill from any illness in the previous 15 days was similar between 

groups at 1 and 6 months; however, at 3 months, children in the DHA group experienced 



88 

 

14% less time ill than children in the placebo group (RR=0.86, 95% CI: 0.80, 0.93).  At 3 

months, the DHA group continued to report fewer cold symptoms in the previous 15 

days; however, this difference was not statistically significant (OR=0.77, 95% CI=0.59, 

1.02).  Many symptoms, such as cough, phlegm, nasal secretion and fever, occurred more 

commonly in the 6-month-olds than in the 1 and 3-month-olds, whereas rash occurred 

more commonly in the 1-month-olds.  

There was no difference in severity of diarrhea, measured by presence of blood or 

mucus in the stool or liquid stool consistency, between groups at 1, 3 and 6 months (using 

Chi square and Fisher’s exact tests, as appropriate).  Forty two, 71 and 10% of infants 

who had diarrhea had mucus in their stool, liquid stool or bloody stool, respectively, at 1 

month.  At 3 months, 71, 79 and 5% of infants who had diarrhea had mucus in their stool, 

liquid stool or bloody stool, respectively.  Finally, at 6 months, 52, 73 and 5% of infants 

who had diarrhea had mucus in their stool, liquid stool or bloody stool, respectively.       

Care seeking for illness symptoms, used as a measure of perceived illness 

severity, did not differ significantly between groups and was, overall, high among 

families with ill infants.  At 1 month, 83, 62, 55, 46, 53, 44, 50, 61, 30, and 85% of 

mothers sought care if their infants had fever, cough, phlegm, nasal congestion, nasal 

secretion, wheezing, vomiting, diarrhea, rash or “other illness”, respectively.  At 3 and 6 

months, >60% of caregivers sought care if their infant had fever, cough, phlegm, nasal 

congestion, wheezing, vomiting, diarrhea, or “other illness”.  At 1, 3 and 6 months, 

examples of “other illness” include conjunctivitis, ear infection, sore throat and reflux.  

All caregivers (100%) sought care if their infant had difficulty breathing, and care 

seeking for wheezing was higher in 3- and 6- month-olds. 
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At 1 month, median duration of cough, phlegm, nasal congestion, nasal secretion, 

rash and “other illness” was 4, 5, 5, 3, 9 and 11 days, respectively (Table 4).  Children 

experienced longer duration of rash and “other illness” at 1 month compared to 3 and 6 

months, while 6- month-olds experienced longer duration of cough.  Median duration of 

wheezing at 1, 3 and 6 months was 4.0 days.  Table 5 shows the relative risk of longer 

duration of illness symptoms at 1, 3 and 6 months, in children who experienced illness.  

At 1 month, the DHA group experienced 26, 15 and 30% shorter duration of cough, 

phlegm and wheezing, respectively, but had 22% longer duration of rash, as compared to 

placebo.  At 3 months, the DHA group experienced 23% shorter duration of “other 

illness” and 15% longer duration of nasal congestion.  Six-month-olds experienced 20, 

13, 54, 22, and 25% shorter duration of fever, nasal secretion, difficulty breathing, rash 

and “other illness”, respectively, and longer duration of vomiting.   

Secondary analysis:  We did not control for breast feeding in our main analysis 

because breast feeding status at 1 and 3 months did not differ between the two groups; 

however, breast feeding alone was protective against various symptoms.  In most cases, 

we found no significant interactions between breast feeding and group; hence, models 

were run without interaction terms.  At 1 month, breast fed children were less likely to 

experience difficulty breathing (OR=0.22; 95% CI=0.068, 0.682) and had a shorter 

duration of wheezing (risk ratio=0.71; 95% CI=0.50, 1.00) and difficulty breathing (risk 

ratio=0.26; 95% CI=0.17, 0.39).  Breast fed 3-month-olds had a shorter duration of fever 

(risk ratio=0.61; 95% CI=0.44, 0.85), wheezing (risk ratio=0.68; 95% CI=0.53, 0.86) and 

vomiting (risk ratio=0.44; 95% CI=0.30, 0.64). 
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Discussion 

Key results:  We found that DHA intake (400 mg/day) from 18-22 weeks’ 

gestation through parturition reduced the occurrence of colds in 1-month-old Mexican 

infants and influenced illness duration at 1, 3 and 6 months.  At 1 month, infants in the 

DHA group experienced shorter duration of cough, phlegm and wheezing, but longer 

duration of rash.  Three-month-old infants in the DHA group experienced shorter 

duration of “other illness” such as ear infections and sore throats, but longer duration of 

nasal congestion.  At 6 months, infants in the DHA group experienced shorter duration of 

nasal secretion, difficulty breathing, fever, rash and “other illness”, but longer duration of 

vomiting.  At 3 months, children in the DHA group experienced 14% less time ill from 

any illness than children in the placebo group.  In general, the infants in the DHA group 

experienced shorter duration of illness symptoms.  Rash at 1 month and vomiting at 6 

months were longer in duration in the DHA group compared to the placebo group.  

Vomiting can be caused by either a viral or a bacterial illness, or by gastrointestinal upset 

(“spitting up”) due to sensitive stomach or acid reflux.  Allergic children might develop 

rash defined as atopic dermatitis, whereas other children might develop simple diaper 

rash caused by sensitive skin, diet, or wearing a soiled diaper for too long.  Longer 

duration of these symptoms at certain time points was unexpected and we have no 

explanation for their occurrence; however, overall, children in the DHA group were 

generally healthier.  A high proportion of mothers sought care for their infant’s illness 

symptoms, which we believe was due to the free access to health care within the IMSS 

hospital system.  To our knowledge, this is the first study to examine the influence of 

DHA in pregnancy on infant illness occurrence and duration. 
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Limitations:  Illness symptoms were reported by the mother and not confirmed by 

a health care professional; therefore, it was not possible to distinguish between, for 

example, rash due to common diaper irritation and rash classified as clinical atopic 

dermatitis.  Self-reporting of morbidity data using recall questionnaires can introduce bias 

due to memory loss; for example, Ramakrishnan et al. showed a rate of underreporting of 

diarrhea as high as 45% on days 7-13 of a morbidity recall (37).  This finding was 

consistent with other studies that demonstrated underreporting of illness using recall 

instruments (38, 39).  We saw no indication that illness was under- or over-reported by a 

particular treatment group in the trial since treatment groups shared similar baseline 

characteristics and double-blinding was maintained throughout the study (40).  

Additionally, the use of health calendars/diaries and the high rate of literacy in this study 

likely greatly aided in maternal recall of child illness during interviews (41). 

To our knowledge, only one other randomized, controlled trial examining the 

effect of n-3 PUFA supplementation in pregnancy on infant immune function has been 

conducted (18, 42, 43).  That study, in which atopic pregnant women were supplemented 

with fish oil (3.7 g n-3 PUFAs per day) from 20 weeks’ gestation through delivery, 

showed that fish oil supplementation lowered neonatal cord blood concentrations of the 

plasma cytokine IL-13, modified neonatal neutrophil production, did not influence 

neonatal IgE concentrations and lowered the risk of a positive reaction to a specific skin 

prick test at 1 year.  Children of women in the fish oil group tended to show less severe 

atopic dermatitis.  The investigators also found a positive correlation between maternal n-

3 PUFA concentration and IgA concentration in breast milk measured at 3 days post-

partum, indicating that n-3 PUFAs in pregnancy might also modulate infant immune 
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function by means of breast milk immunoglobulin protection (44).  Unlike our study, that 

study included only atopic mothers, the primary outcome of interest was allergic immune 

response, and the supplement was fish oil, rather than DHA.  Our findings complement 

these findings because we examined clinical outcomes in the infants and also found a 

potential influence of n-3 PUFAs in pregnancy on infant immune function.  Although our 

study was not originally designed to test the influence of DHA specifically in atopic 

women,  the prevalence of atopy in the mothers was similar between the two treatment 

groups (33% based on specific IgE measurement), and secondary analyses are underway 

to examine the effects of DHA supplementation by maternal atopy status.   

Several studies have evaluated the influence of essential fatty acid (EFA) 

supplementation in infancy and childhood on illness occurrence and severity and 

biological immunity outcomes (14, 15, 34, 45, 46).  One study in which 1342 infants 

were assigned to receive either regular formula or formula supplemented with DHA and 

AA showed that the infants consuming the EFA-supplemented formula had a decreased 

incidence of bronchiolitis/bronchitis at 5, 7 and 9 months of age (15).  A randomized trial 

in which term infants were given either regular formula or formula supplemented with 

long chain PUFAs showed that the LCPUFAs influenced the presence and function of 

infant immune cells such as CD3+ and CD44++ (45).  A double-blind trial in which 5-7 

year-olds were given a dietary supplement containing AA and DHA or placebo for 7 

months showed alterations in immune cell phenotypes in the LCPUFA group, compared 

to placebo (46).  A systematic review of randomized controlled trials of PUFA 

supplementation of infant formula in preterm babies found no difference in rates of sepsis 

or necrotizing enterocolitis between the two groups (16).  In a double-blind study, dietary 



93 

 

EFA supplementation in children aged 36-49 months at risk of recurrent respiratory 

infections reduced the number of infective episodes, days with fever and days of school 

missed (14).  Dietary n-3 PUFA intake has been shown to influence innate immune 

function in adults, as evidenced by a study in which men supplemented daily with the 

long chain n-3 PUFA eicosapentaenoic acid for 12 weeks exhibited modified neutrophil 

respiratory burst and prostaglandin production by mononuclear cells (17).  Additionally, 

a 10 year follow-up study of >38,000 male U.S. health professionals showed that 

community-acquired pneumonia risk was lower in men who consumed higher amounts of 

dietary n-3 PUFAs (13).  Our findings that DHA influenced respiratory outcomes such as 

wheezing are consistent with several studies focusing on n-3 PUFAs and atopic disorders.  

Overall, these supplementation trials in children and adults have shown varied results; 

however, several trials present compelling evidence of an influence of n-3 PUFAs on 

morbidity and/or biological immune measures. 

Generalizability:  Results from our study could be generalized to other 

populations of pregnant women of middle-to-lower socioeconomic status who have 

similarly low dietary DHA intakes.  A study of pregnant women in Mexico City showed 

that their mean daily intake of DHA was 0.14 grams per day, well below the 

recommended intake and similar to intake in many populations around the world (19, 44).  

Intake of omega-3 PUFAs in the United States is an estimated 1.6 grams per day, and 

intake of DHA is approximately 0.1-0.2 grams per day (48).  A study conducted in 

Canada indicated that a sample of pregnant women consumed 0.08 grams of DHA per 

day (49).  Worldwide estimates of omega-3 PUFA intake show that the majority of 

countries’ populations have lower than recommended intake of DHA, with the exception 
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of countries such as Japan, Iceland, Norway, Finland and Malaysia where fish is 

consumed frequently (19).  Our study population has lower infectious disease rates than 

many developing countries, in particular for diarrhea and fever.  Therefore, our results 

can only be generalized to population with similar nutritional status and disease rates.  

Our findings contribute to the mounting evidence that perinatal n-3 PUFA 

nutrition can influence the development of fetal and neonatal immune function.  We 

demonstrated that DHA supplementation in pregnancy influenced illness symptom 

duration in Mexican infants.  n-3 PUFAs could potentially influence fetal and infant 

immune function development in utero, via breast milk, or a combination of both the 

prenatal and perinatal factors (50).  Further studies designed specifically to examine the 

influence of perinatal n-3 PUFA nutriture on infant immune function, including both 

biological and clinically relevant outcomes, are necessary to evaluate the potential value 

of dietary modification or n-3 PUFA supplementation during pregnancy and/or during 

lactation.   
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Table 1. Selected characteristics at randomization of 851 women who attended the 1 

month post-partum study visit 

 

  

DHA 

n=423  

 

Placebo 

n=428  

 

 

P-value 

 

Age in years
1
 

 

 

26.3 ± 4.9 

 

26.4 ± 4.6  

 

0.86 

Gestational age in wks
1
  

 

20.5 ± 1.9 20.6 ± 2.0 0.56 

Primipara
2
 

 

37.4 39.0 0.62 

SES using PCA
1, 3

 

 

0.06 ± 1.0 0.06 ± 1.0 0.90 

Schooling in years
1
 

 

12.0 ± 3.5 12.0 ± 3.6 0.73 

 

1
Mean ± SD 

2
Proportion 

3
Principal components analysis 

Chi square tests, T-tests or Wilcoxon rank sum tests were used to assess significant 

differences between groups
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Table 2.  Selected characteristics of 851 infants of women who attended the 1 month 

post-partum study visit 

 

  

DHA 

n=423  

 

Placebo 

n=428  

 

 

P-value 

 

Sex (male)
2
 

 

 

53.7 

 

53.0 

 

0.85 

Birth weight (g)
1
 

 

3225 ± 425 3224 ±  451 0.98 

Birth length (cm)
1
 

 

50.4 ±  2.1 50.4 ±  2.6 0.79 

Gestational age at 

birth (mean wks)
1
 

 

39.1 ±  1.7 39.1  ± 1.7 0.81 

Premature (<37 wks)
 2

 

 

9.5 8.2 0.52 

Breast fed at 1 month 

(yes)
2
 

 

93.1 93.8 0.65 

Breast fed at 3 months 

( yes)
2 

 

83.0 82.2 0.75 

 

1
Mean ± SD 

2
Proportion 

Chi square tests, T-tests or Wilcoxon rank sum tests were used to assess significant 

differences between groups
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Table 3.  History of illness symptoms among infants, as reported by the infant’s mother in the previous 15 days at 1, 3 and 6 months 

 

Symptoms 
1 month 

 

3 months 

 
6 months 

 

 DHA  

n=422  

(%)      

Placebo  

n=427  

(%)        

OR (95% CI) DHA  

n=415  

(%)                    

Placebo  

n=419  

(%)        

OR (95% CI) DHA  

n=420  

(%)                  

Placebo  

n=414 

(%)        

OR (95% CI) 

 

Cough 

 

9.5 

 

11.0 

 

0.85 (0.54, 1.32) 

 

19.3 

 

23.9 

 

0.76 (0.55, 1.06) 

 

33.1 

 

32.9 

 

1.01 (0.76, 1.35) 

Phlegm 16.8 19.2 0.85 (0.60, 1.21) 19.5 18.6 1.06 (0.75, 1.50) 23.9 24.2 0.98 (0.72, 1.35) 

Nasal 

congestion 

 

28.2 

 

32.8 

 

0.81 (0.60, 1.08) 

 

25.1 

 

28.4 

 

0.83 (0.62, 1.15) 

 

29.6 

 

28.0 

 

1.08 (0.80, 1.46) 

Nasal 

secretion 

 

7.1 

 

10.8 

 

0.64 (0.39, 1.03) 

 

14.9 

 

17.8 

 

0.85 (0.58, 1.23) 

 

28.2 

 

29.5 

 

0.94 (0.70, 1.27) 

Cold* 37.6 44.6 0.76 (0.58, 1.00) 37.8 62.2 0.77 (0.59, 1.02) 46.2 46.6 0.98 (0.75, 1.29) 

Wheezing 8.3 7.0 1.19 (0.72, 1.98) 7.0 8.1 0.85 (0.51, 1.43) 11.9 10.9 1.11 (0.72, 1.70) 

Difficulty 

breathing 

 

2.4 

 

2.3 

 

1.01 (0.42, 2.46) 

 

2.9 

 

2.4 

 

1.22 (0.52, 2.85) 

 

1.4 

 

1.7 

 

0.85 (0.28, 2.54) 

Fever 3.6 3.3 1.03 (0.49, 2.19) 8.4 10.5 0.79 (0.49, 1.25) 18.3 18.6 0.98 (0.69, 1.39) 

Vomiting 5.5 3.5 1.58 (0.81, 3.08) 4.1 2.9 1.45 (0.68, 3.07) 5.5 4.1 1.36 (0.71, 2.58) 

Diarrhea 3.3 4.0 0.83 (0.40, 1.70) 4.6 5.5 0.83 (0.44, 1.54) 7.6 7.5 1.02 (0.61, 1.71) 

Rash 29.0 26.1 1.16 (0.86, 1.57) 8.4 10.3 0.81 (0.50, 1.29) 10.7 9.4 1.16 (0.74, 1.82) 

Other 

Illness 

 

6.9 

 

 

5.9 

 

1.19(0.69, 2.07) 

 

5.1 

 

5.3 

 

0.96 (0.52, 1.78) 

 

6.7 

 

5.8 

 

1.16 (0.66, 2.04) 

 

*Cold (any of the following: cough, phlegm, nasal congestion, nasal secretion) 
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 Table 4.  Duration of symptoms in infants who experienced illness 

  

 

Symptoms 

1 month 

Days ill: median (25
th

 and 75
th

 

percentiles) 

3 months  

Days ill: median (25
th

 and 75
th

 

percentiles) 

6 months 

Days ill: median (25
th

 and 75
th

 

percentiles) 

  

DHA     

 

Placebo 

 

DHA                

 

Placebo 

 

DHA                

 

Placebo 

 

Cough 

 

4.0 (3, 5) 

 

5.0 (3, 9) 

 

5.0 (3, 7) 

 

4.0 (3, 7) 

 

5.0 (3, 9) 

 

5.0 (3, 9) 

Phlegm 4.0 (3, 10) 6.0 (3, 14) 5.5 (3, 10) 5.0 (3, 10) 5.0 (3, 10) 5.0 (3, 9) 

Nasal 

congestion 

 

4.0 (3, 9) 

 

5.0 (3, 12) 

 

5.0 (3, 9) 

 

4.0 (3, 8) 

 

4.0 (3, 7) 

 

5.0 (3, 7) 

Nasal 

secretion 

 

3.0 (2, 4) 

 

4.0 (1, 6) 

 

4.0 (3, 7) 

 

3.0 (2, 6) 

 

3.0 (3, 5) 

 

4.0 (3, 7) 

Wheezing 3.0 (2, 7) 5.0 (3, 15) 4.5 (2, 8) 4.0 (2, 8) 4.0 (3, 10) 3.0 (2, 8) 

Difficulty 

breathing 

 

3.5 (2, 10) 

 

3.0 (2, 9) 

 

3.0 (2, 7) 

 

2.0 (1, 4) 

 

2.0 (2, 3) 

 

3.5 (1, 10) 

Fever 2.0 (1, 3) 2.0 (1, 3) 2.0 (1, 3) 2.0 (1, 3) 2.0 (1, 3) 2.0 (1, 4) 

Vomiting 3.0 (2, 15) 2.0 (1, 4) 2.0 (2, 8) 4.0 (2, 12) 3.0 (1, 4) 2.0 (1, 4) 

Diarrhea 3.5 (3, 5) 2.5 (2, 10) 3.0 (2, 3) 3.0 (2, 6) 3.0 (1, 4) 3.5 (2, 5) 

Rash 11.0 (6, 15) 7.0 (4, 15) 5.0 (2.5, 10) 5.0 (3, 10) 3.5 (2, 7) 4.0 (3, 9) 

Other 

illness 

 

12.0 (5, 15) 

 

10.5 (5, 15) 

 

7.0 (4, 12) 

 

11.0 (5, 15) 

 

5.0 (3, 6) 

 

8.0 (4, 14) 
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Table 5. Relative risk of longer duration of illness at 1, 3 and 6 months, in children who experienced illness
1
 

 

 

Symptoms 

 1 month   3 months   6 months  

 RR 

    

95% CI P-value               RR 

    

95% CI P-value               RR 

    

95% CI P-value               

 

Cough 

 

 

0.74 

 

0.61, 0.90 

 

<0.01 

 

1.00 

 

0.88, 1.14 

 

0.95 

 

1.00 

 

0.91, 1.10 

 

0.93 

Phlegm 

 

0.85 0.74, 0.96 0.01 1.06 0.93, 1.20 0.40 1.01 0.90, 1.14 0.83 

Nasal 

congestion 

 

0.98 0.89, 1.09 0.72 1.15 1.03, 1.28 0.02 0.94 0.84, 1.05 0.25 

Nasal 

secretion 

 

0.69 0.46, 1.03 0.07 1.07 0.92, 1.25 0.38 0.87 0.77, 0.98 0.02 

Wheezing 

 

0.70 0.57, 0.86 <0.01 0.99 0.79, 1.24 0.93 1.12 0.94, 1.33 0.21 

Difficulty 

breathing 

 

1.05 0.69, 1.58 0.83 1.59 0.96, 2.62 0.07 0.46 0.24, 0.87 0.02 

Fever 

 

0.99 0.57, 1.73 0.98 1.14 0.85, 1.52 0.40 0.80 0.66, 0.98 0.03 

Vomiting 

 

1.51 0.64, 3.59 0.35 0.73 0.51, 1.04 0.08 1.74 1.19, 2.54 <0.01 

Diarrhea 

 

0.74 0.52, 1.06 0.10 0.90 0.65, 1.24 0.51 0.86 0.65, 1.13 0.27 

Rash 

 

1.22 1.05, 1.41 <0.01 0.95 0.79, 1.14 0.56 0.78 0.64, 0.94 <0.01 

Other 

illness 

1.01 0.84, 1.22 0.89 0.77 0.62, 0.95 0.02 0.75 0.59, 0.94 0.01 
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All 

illnesses
2
 

1.04 0.97, 1.1 0.26 0.86 0.80, 0.93 <0.0001 1.01 0.94, 1.1 0.88 

1
Relative risk was estimated by exponentiating β using Poisson regression modeling. 

2
Total days ill in previous 15 days, includes all children 
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Figure 1.  Trial profile 

1836 women screened 

1762 women eligible 

1094 women randomized 

547 allocated to 

DHA group 

547 allocated to 

placebo group 
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PRENATAL DOCOSAHEXAENOIC ACID SUPPLEMENTATION AND INFANT 

RESPONSE TO HEPATITIS B AND TETANUS VACCINATION IN A DOUBLE-

BLIND RANDOMIZED, CONTROLLED TRIAL IN MEXICO 
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Abstract  

 

Objective:  Omega-3 PUFAs, specifically long-chain PUFAs such as docosahexaenoic 

acid (DHA, 22:6n-3), modulate immune function and inflammation; however, their role in 

the development of infant immune function is yet unknown.  Infants are born with 

immature immune systems and factors such as perinatal nutrition may influence infant 

immune development and response.  We sought to determine the influence of DHA in 

pregnancy on infant response to hepatitis B (HepB) and tetanus vaccination.  Methods:  In 

a double-blind randomized, controlled trial in Mexico, pregnant women were 

supplemented daily with 400 mg algae-derived DHA or placebo from 18-22 weeks’ 

gestation through parturition.  Infants were routinely vaccinated with HepB at birth and at 

2 months of age, and with tetanus at 2 months of age.  Using flow cytometry (Luminex 

technology), we measured anti-HepB and anti-tetanus IgM and IgG antibody 

concentrations in infant plasma as functional markers of immunocompetence at 3 months 

of age.  Results:  Baseline maternal characteristics and infant outcomes such as birth 

weight and gestational age were similar between treatment groups (n=562).  Concentration 

of anti-tetanus IgM and IgG and anti-HepB IgM antibodies did not differ between groups; 

however, the concentration of anti-HepB IgG antibody was 12% lower in the DHA group 

(GM=525.3, 95% CI=484.4, 569.7), compared to the DHA group (GM=464.9, 95% 

CI=430.0, 502.7).  We found positive Spearman correlations in the placebo group between 

anti-HepB IgG and SES (r=.1).  In the DHA group, we found positive correlations between 

anti-HepB IgG and maternal age (r=.2) and parity (r=.1) and anti-tetanus IgG and birth 

weight (r=.2).  Conclusions: The current study demonstrates that DHA supplementation in 
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pregnancy influenced infant humoral response to HepB vaccination.  The implications of 

these findings on overall infant immune function, however, are unknown and merit further 

investigation. 
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Introduction 

Long-chain polyunsaturated fatty acids (LCPUFAs), particularly the omega-3 LCPUFA 

docosahexaenoic acid (DHA, 22:6n-3), are found in high concentrations in brain and 

retinal cell membranes and accumulate rapidly in neural tissue during later gestation and 

infancy (1, 2).  DHA is also found in cells of the immune system and modulates immunity 

and inflammation through various mechanisms.  These specific mechanisms include:  

incorporation of DHA into cell membrane phospholipids and modification of membrane 

structure and function, subsequent alteration in eicosanoid synthesis, cell adhesion 

molecule expression, cytokine production and lipid raft structure, and modulation of 

factors involved in gene expression such as nuclear factor kB (NFkB) (3-8).  DHA has 

been shown to influence, among other components of immune response, phagocytosis, B- 

and T-cell proliferation, T-cell signaling, and antigen presentation (7, 9).  Because of 

DHA’s key role in neural development and immune function, adequate fetal and infant 

DHA nutriture is essential.   

DHA is preferentially transferred across the placenta and is present in breast milk 

and availability of DHA to the developing fetus and its concentration in breast milk is 

dependent upon maternal diet and PUFA stores (10-13).  Several expert groups 

recommend a daily dietary intake of at least 200 mg DHA/d for pregnant and lactating 

women; however, many populations do not consume this minimum amount (14, 15).  Pre-

formed DHA is found in high concentrations in oily fish such as salmon and herring and 

although DHA can be synthesized from the precursor α-linolenic acid (ALA; 18:3n-3), 

synthesis is limited in humans (16).  Low intake of n-3 PUFAs may influence health 
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outcomes including cognitive development in children, post-partum depression, certain 

chronic inflammatory diseases and immune function. 

Development of the immune system begins in utero and continues throughout early 

childhood.  Although immune response in the fetus is down-regulated to avoid harmful 

immunological reactions between the mother and the fetus, fetuses indeed exhibit immune 

responses (17) .  For example, fetuses have been shown to produce IgM in utero in 

response to maternal vaccination, although class switching to IgG does not occur (18).  

Although infants have relatively naïve immune systems at birth, they have the capacity to 

mount, albeit sometimes weak and fleeting, humoral and cell-mediated immune responses 

(19-21).  Infants enjoy passive immunity conferred by their mother, specifically, maternal 

IgG is transferred across the placenta to the fetus, and breast milk contains sIgA, IgG and 

IgM antibodies (17).  The immune system matures rapidly throughout the first few years of 

life and its development can be influenced by genetic factors and by environmental factors, 

such as nutrition.   

Several studies in animals and in humans have shown that dietary n-3 PUFAs in 

pregnancy may influence in utero immune programming and subsequent maturation of the 

immune system; however, the influence of n-3 PUFAs on immune response to vaccination 

is unknown (8, 22-27).  The main objective of the present study was to determine the 

influence of DHA exposure in pregnancy on infant immune response.  Specifically, we 

sought to evaluate the influence of algae-derived DHA from gestation weeks 18-22 

through parturition on response to hepatitis-B and tetanus vaccination at 3 months of age. 
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Methods 

Study population and setting 

Study participants were recruited at the Mexican Institute of Social Security (Instituto 

Mexicano del Seguro Social or IMSS) General Hospital I, a large hospital located in 

Cuernavaca, Mexico, and 3 small health clinics within the IMSS system in Cuernavaca 

during routine prenatal care visits between February 2005 and February 2007.   The IMSS 

health care system provides employed persons access to medical care.  Women were 

considered for inclusion in the study if they were in gestation weeks 18-22, planned to 

predominantly breastfeed for at least 3 months, were 18-35 years old, planned to deliver at 

the IMSS General Hospital in Cuernavaca, and planned to live in the area for 2 years after 

delivery.  Women were excluded if any of the following criteria were present:  1) high risk 

pregnancy, 2) lipid metabolism or absorption disorders, 3) regular intake of fish oil or 

DHA supplements, or 4) chronic use of certain medications, such as medications for 

epilepsy.  Written informed consent was obtained from each participant after a thorough 

explanation of the study details, and participants were free to withdraw from the study at 

any time.  

Ethics:  The study protocol and all informed consent documents were approved by 

Emory University’s Human Investigations Board and by the Instituto Nacional de Salud 

Pública (INSP) and the IMSS General Hospital I’s Human Subjects Boards.  The welfare 

of the subjects was monitored by an external Data Safety Monitoring Committee. This 

study is an ongoing collaborative project between the INSP in Cuernavaca, Mexico and 

Emory University, and is a registered clinical trial (registered at INSP in Mexico:  #CI-

011, and at clinicaltrials.gov: NCT00646360). 
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Study design  

Women were assigned to receive either 400 mg DHA or placebo daily, from gestation 

weeks 18-22 through parturition. The DHA capsules contained 200 mg DHA each derived 

from an algal source (Martek Biosciences Corporation, Columbia, MD).  The placebo 

capsules contained olive oil, and were similar in appearance and taste to the DHA capsules.  

Fieldworkers visited the women’s homes weekly to deliver a new bottle of 14 capsules, 

and compliance was monitored by counting any remaining pills and through interviews 

with participants.   

All participants and members of the study team were blinded to the treatment 

scheme throughout the intervention period of the study.  The blinding code was placed in 

sealed envelopes at the beginning of the study, and these envelopes were held by 

investigators at Emory who were not involved in the study.  Data were un-blinded for the 

analytical study team after the last baby in the study was born and had completed 6 months 

of age, at which time participants were no longer taking supplements.  The randomization 

process has been described elsewhere.  Success of randomization was assessed by 

comparison of a variety of baseline maternal characteristics in the two treatment groups.   

Infants were routinely given hepatitis B vaccination (Probivac-B made by 

Probiomed) at birth and at 2 months of age, and tetanus vaccination at 2 months of age.  

Mothers were routinely immunized against tetanus during their third trimester of 

pregnancy. 
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Blood collection and immunoglobulin analysis 

Five ml of infant blood was obtained by venipuncture by trained technicians at the IMSS 

hospital at 3 months of age.  All samples were collected into tubes containing EDTA.  

Plasma and erythrocytes were separated by centrifugation at 800 G for 10 minutes at room 

temperature.  Plasma was then aliquoted into multiple cryovials, and was immediately 

frozen in a nitrogen environment and stored at -70° C. 

 Anti-hepatitis B and anti-tetanus IgM and IgG antibody concentrations were 

determined using flow cytometry (Luminex technology).  We included 42 samples and 

their duplicates and 3 internal standards per plate.  Samples underwent a 1:50 dilution.  We 

used Wally’s reagent (from Quantaplex, 1:5 of diluted solution) as the detection reagent for 

the IgM assay and Donkey Antihuman reagent (1:100 of stock solution) for the IgG assay.  

Intra-assay variation was assessed by including replicate bead populations coated with the 

same antigen.  Replication of results was good, as evidenced by similarity of results in the 

duplicate bead populations, and therefore intra-assay variation was low. 

 

Statistical analysis 

 We conducted the analysis according to the intention-to-treat principle, and 

analyzed all available infant plasma samples collected at 3 months.  Continuous baseline 

characteristics and birth outcomes were tested for normality, and group differences were 

calculated using T-Tests or Wilcoxon rank-sum tests, as appropriate.  Categorical baseline 

characteristics were compared using Chi-square analyses.  Immunoglobulin concentrations 

were natural log-transformed to achieve normal distributions, and concentrations were 

expressed as geometric means (GM) with 95% confidence intervals (CI).  The effect of 
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treatment on immunoglobulin concentration was assessed using unadjusted generalized 

linear models, and estimates were exponentiated because of the initial log-transformation 

of the values.  We computed Spearman correlation coefficients to describe the relationship 

between the immunoglobulins and variables that might influence immunoglobulin 

concentration (parity, mother’s age, SES).  Exclusive breastfeeding was defined as no 

intake of supplemental foods or liquids, including water.  We conducted statistical analyses 

using TTEST, NPAR1WAY, CORR and GLM procedures in the Statistical System 

Software version 9.2, SAS Institute, Cary, North Carolina.  Statistical significance was 

defined as P < 0.05. 

 

Results 

Trial profile:  Among the 1836 women screened 1094 were randomized to treatment and 

523 in the DHA group and 517 in the placebo group received at least one dose of treatment 

(Figure 1).  Four hundred and eighty five women in the DHA group and 488 women in the 

placebo group completed treatment by remaining in the study through parturition.  Among 

women who received treatment, 6.4% were lost to follow up before delivery.  Select 

reasons for the 67 losses to follow up between receiving treatment and parturition included 

moving out of the area, refusal to participate, the husband did not want the woman to 

continue with the study and the supplement made the woman feel bad.  Of the 877 infants 

who attended the 3 month study visit, we were able to obtain and analyze 562 infant 

plasma samples. 

Maternal and neonatal characteristics:   Maternal baseline characteristics and 

infant characteristics at birth were similar between treatment groups (Table 1).  Women 
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were, on average, 26 years old at randomization, had >11 years of schooling and entered 

into the study at approximately 20 weeks’ gestation.  There was no significant difference in 

maternal atopic status at baseline (not shown).  The proportion of premature babies (<37 

weeks’ gestation) was <10% and 18% and 16% of babies were exclusively breastfed at 1 

and 3 months, respectively. 

 Immunoglobulin concentrations in infant plasma:  Concentration of anti-HepB IgG 

antibody was 12% higher in the placebo group (GM=525.3, 95% CI=484.4, 569.7), 

compared to the DHA group (GM=464.9, 95% CI=430.0, 502.7), while concentrations of 

anti-HepB IgM and anti-tetanus IgG and IgM were similar between groups (Table 2).  

Spearman rank-order correlations between immunoglobulins and various maternal and 

infant characteristics revealed weak positive correlations between both maternal age 

(r=0.2) and parity (r=0.1) and anti-HepB IgG antibody concentration in the DHA group.  

Anti-HepB IgG antibody concentration weakly correlated with SES in the placebo group 

(r=0.1).  Overall, we did not observe strong correlations between immunoglobulin 

concentrations and characteristics such as sex, birth weight, gestational age, SES, maternal 

age and parity. 

 

Discussion 

Our study demonstrated that DHA supplementation from 18-22 weeks’ gestation through 

parturition influenced infant humoral immune response in 3 month-old Mexican infants.  

Anti-HepB IgG antibody concentration was 12% lower in the DHA group compared to 

placebo, while concentrations of anti-tetanus IgG and IgM and anti-HepB IgM antibodies 

did not differ between groups.  The current study provides preliminary evidence that 
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neonatal DHA nutriture may influence antibody response to hepatitis B vaccination; 

however, the exact mechanism of action is yet unclear.   

The influence of n-3 PUFAs on inflammation and immune function and potential 

mechanisms have been reviewed extensively (3, 5, 7, 8).  Numerous studies have 

demonstrated that n-3 PUFA supplementation in healthy adults inhibits the production of 

pro-inflammatory cytokines and eicosanoids, while several studies have shown no effect 

(5).  Fish oil (Eicosapentaenoic acid (EPA, 20:5n-3) +DHA) supplementation has been 

shown to result in the displacement of membrane-phospholipid n-6 PUFAs such as 

arachidonic acid (AA, 20:4n-6), which serves as a substrate for pro-inflammatory 

eicosanoids such as leukotriene B4 and prostaglandin E2.  DHA’s ability to influence 

synthesis of these inflammatory mediators provides one potential link between DHA 

nutriture and immunity and inflammation.     

Although few studies have evaluated the effect of n-3 PUFAs in pregnancy on 

immune function and inflammation, two studies showed that fish oil supplementation in 

pregnancy altered the production of inflammatory leukotienes and cytokines (26).  Dunstan 

et al. demonstrated that fish oil supplementation of atopic pregnant women from 20 weeks’ 

gestation through delivery resulted in significantly reduced concentration of the Th2-

related cytokine interleukin-13 (IL-13) in cord plasma, suggesting that fish oil in 

pregnancy alone can influence the production of cytokines involved in inflammation and 

immune response (22).  An additional analysis of the same trial reported lower levels of 

Th2 cytokines (IL-5, IL-13 and IL-10) in cord blood plasma from the fish oil group 

compared to placebo; however, only IL-10 was significantly lower in the fish oil group 

(24).  Another analysis of the same study reported significantly lower production in the 
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fish oil group of leukotriene B4 by neonatal neutrophils (25).  Finally, a fourth analysis 

within the same study showed significantly higher percentage of cord blood CD34
+
 

progenitor cells in the fish oil group compared to placebo (28).  Similar to the 

aforementioned trial, in a recent multi-center trial titled the Nutraceuticals for Healthier 

Life (NUHEAL), infants of women who were supplemented with fish oil from 22 weeks’ 

gestation through delivery had lower concentrations of plasma IL-13and IL-4 and higher 

concentrations of TGF-β in cord blood than infants of the non-supplemented women (3, 

29).  These investigators also reported presence of fewer natural killer cells and CD8+ cells 

in infants of the mothers given fish oil compared to placebo.  Overall, these trials 

demonstrate that fish oil in pregnancy alone can alter various factors involved in immune 

response, including Th-2-related cytokines and leukotriene synthesis. 

Maternal nutritional status has been shown in studies to influence response to 

vaccination in offspring.  McDade et al. showed that prenatal undernutrition, characterized 

by intra-uterine growth retardation (IUGR), influenced immune response in 14-15 year-

olds (30).  Children who experienced IUGR had a lower probability of mounting a positive 

antibody immune response to typhoid vaccination than children who were better nourished 

in utero.  Micronutrient status in pregnancy can influence infant immune function as 

reported by Tielsch et al., who showed that children born to vitamin A deficient women, as 

evidenced by night blindness during pregnancy, suffered increased risk of diarrhea, acute 

respiratory infection and dysentery compared to children born to women without night 

blindness (31).  These studies demonstrate the potentially important role of maternal 

nutritional status in in utero programming of immune function. 
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Studies have also shown that the micronutrient status of the child may influence response 

to vaccination.  For example, Diness et al. showed that high doses of vitamin A resulted in 

weaker immune responsiveness to BCG vaccination in 2 month-old boy infants; however, 

this effect was transient and long-term immunity was not compromised (32).  Semba et al. 

also found that administration of high doses of vitamin A resulted in lower seroconversion 

rates in response to measles vaccination at 6 months of age (33).  Alternatively, Bhaskaram 

et al. showed that high doses of vitamin A enhanced seroconversion to the measles 

vaccination (34).  Finally, Newton et al. found that administration of high doses of vitamin 

A at 6, 10 and 14 weeks of age enhanced immune response to hepatitis B vaccination and 

had no effect on response to Haemophilus influenza type b (35).  Overall, these studies 

illustrate the potential influence of micronutrient status on infant response to vaccination. 

The infant immune system is immature, and both T-cell and B-cell response to 

vaccination is different in infants compared to adults.  Infants preferentially produce IgG 

rather than IgM in response to vaccination, and can mount a primary IgG response by 2-3 

months of age (36).  Maternal antibodies can influence infant immune response to a 

primary vaccination through 12 months of age; however, the infant’s ability to mount a 

secondary IgG antibody response to a booster vaccination is not influenced by the presence 

of maternal antibodies (20, 36).  We examined response to a booster hepatitis B 

vaccination (infants were given one dose at birth and another at 2 months of age), and 

assume that maternal antibodies did not dampen the infant’s ability to mount a response.  

In general, infants exhibit a lower and more short-lived antibody response than adults, and 

are very limited in their ability to mount T-cell responses to intracellular pathogens.  
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However, infants mount a higher protective antibody response than adults when challenged 

with the hepatitis B vaccine (37, 38).   

The hepatitis B vaccine elicits a Th2-driven immune response in infants, compared 

to a Th1-driven response in naïve adults, which might provide insight into a possible 

mechanism of DHA’s influence on hepatitis B-specific antibody response to vaccination 

(17, 37, 38).  As described above, DHA supplementation in pregnancy has been shown to 

influence production of the cytokines IL-13, IL-4 and IL-10.  These “pro-inflammatory” 

cytokines, generally synthesized by Th2 cells, can activate B cells which subsequently 

proliferate, differentiate into plasma cells and produce antibodies (23, 39).  Although we 

did not quantify IL-13 concentrations in cord blood, this is a potential mechanism by 

which DHA influenced anti-HepB IgG antibody concentration in our study.  However, 

infant humoral immune response is complex and could be influenced by numerous factors 

including antibodies transferred to the infant through in breast milk (40). 

The present study has several strengths, including its design as a large, double-

blind randomized, controlled trial.  Because treatment groups were randomly assigned, 

baseline maternal characteristics were similar between groups.  Additionally, outcomes 

that might influence immune response to vaccination such as birth weight, sex, gestational 

age at delivery and breast feeding status were similar between groups.  As such, we 

attribute differences in immune response to vaccination to the intervention.   

The current analysis was limited by the inability to distinguish de novo fetal IgG 

from maternal-derived IgG, which is transferred across the placenta to the developing 

fetus.  However, we assume that the treatment groups originated from the same population 

and therefore entered the study with similar immune profiles.  A study examining the 
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seroprevalence of hepatitis B in pregnant Mexican women revealed that 6.4% had been 

vaccinated against hepatitis B and that 1.65% had active infections (41).  This study 

population was very similar to ours, as the women were pregnant and utilized the same 

health care (IMSS system) as women in our study.  We measured anti-HepB antibodies 

after the second vaccination, so isotype switching of IgM to IgG was possible in the infants 

(18, 19).  Hence, although a proportion of the IgG could have been maternal in origin, 

infants synthesized de novo IgG in response to vaccination.   

We were unable to collect samples from each infant at 3 months due to factors such 

as the technician’s inability to draw the blood and mother’s refusal to allow a blood draw; 

however, our sample of infant plasma at 3 months (58% of the 973 children born) is 

similar to the main study population so we assume no selection bias. 

In summary, we found that DHA in pregnancy altered immunological response to 

hepatitis B vaccination in Mexican infants.  The current study provides preliminary 

evidence that DHA exposure in utero may influence immune programming in the fetus.  

Mechanisms of DHA’s action on immune response could include alteration of cytokine or 

eicosanoid synthesis, alteration of gene expression and/or alteration of membrane 

constituents such as lipid rafts.  DHA might also influence infant immune response via 

modification of breast milk immunoglobulin profiles.  Our findings support previous 

studies that demonstrated the potential immunomodulatory influence of fish oil in 

pregnancy, while providing new insight into DHA’s role in humoral immune response.  

The clinical and long-term significance of the current findings are yet unknown and may 

be partially revealed within the context of the currently ongoing randomized, controlled 

trial; however, the differences in anti-HepB IgG antibody concentrations are indeed small 
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and likely do not have clinical implications.  Because anti-HepB IgG antibodies were 

detected in all infant plasma samples indicating seroconversion, we speculate that 

differences in mean concentrations will not impact the infants’ ability to mount a response 

to a potential future hepatitis B infection. 
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TABLE 1   Selected maternal and infant characteristics  

 

 DHA Group 

(n=292)  

Placebo Group 

(n=270)  

P-value 

At Baseline    

Age, mean (SD), y 26.5 (4.9) 25.8 (4.7) 0.16 

Gestational age, mean (SD), wk 20.6 (2.0) 20.6 (1.8) 0.91 

Primipara, % 34.9 38.8 0.35 

Parity, mean (SD) 2.1 (1.0) 2.0 (1.1) 0.36 

Weight, mean (SD), kg 62.9 (11.6) 63.0 (11.8) 0.89 

Height, mean (SD), cm 155.2 (5.6) 155.5 (5.6) 0.48 

BMI, mean (SD), kg/m
2
 26.1 (4.4) 26.0 (4.3) 0.82 

Schooling, mean (SD), y 11.7 (3.4) 11.9 (3.4) 0.32 

SES, mean (SD), PCA 0.05 (0.91) -0.06 (1.0) 0.17 

Infant outcomes    

Gestational age, mean (SD),  wk 39.1 (1.8) 39.2 (1.7) 0.62 

Premature, %, <37 wk 9.3 8.9 0.89 

Birth weight, mean (SD), g 3237.5 (427.5) 3184.8 (449.9) 0.13 

% male 57.2 54.5 0.51 

% breastfed,1 mo 94.8 94.7 0.96 

% exclusively breastfed, 1 mo 17.8 18.9 0.74 

% breastfed, 3 mo 81.9 84.1 0.50 

% exclusively breastfed, 3 mo 15.8 16.0 0.94 

 

PCA indicates principal components analysis.  Chi square tests, T-tests or Wilcoxon rank-

sum tests were used to assess significant differences between groups. 
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TABLE 2  Anti-hepatitis B and anti-tetanus IgG and IgM antibody concentrations 

in infants at 3 months 

 

 DHA Group 

(n=292) Median 

(Q1, Q3) 

Placebo Group (n=270) 

Median (Q1, Q3) 

Risk ratio (95% 

CI) unadjusted 

    

Anti-hepatitis B IgG 

antibody (ug/ml) 

428 (300, 638) 453 (309, 765) 0.88 (0.79, 0.99)
1
 

Anti-tetanus IgG 

antibody (ug/ml) 

2487 (1746, 3631) 2695 (1805, 4355) 0.92 (0.82, 1.02)
1
 

Anti-hepatitis B IgM 

antibody (ug/ml) 

518 (349, 836) 533 (345, 828) 0.97 (0.84, 1.11)
1
 

Anti-tetanus IgM 

antibody (ug/ml) 

443 (285, 720) 441 (297, 709) 0.95 (0.83, 1.10)
1
 

1
Group comparisons were made using natural log-transformed values; estimates were 

exponentiated. 
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Figure 1.  Trial profile 
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CHAPTER 8:  SUMMARY AND CONCLUSIONS 

 

The current study was conducted within the context of an ongoing randomized, 

double-blind, placebo-controlled trial in Cuernavaca, Mexico, in which pregnant women 

were supplemented with 400 mg/day of algae-derived docosahexaenoic acid (DHA, 

22:6n-3) from 18-22 weeks’ gestation through parturition.  We described the influence of 

prenatal DHA intake on 1) breast milk fatty acid concentrations at 1 month post-partum, 

2) infant morbidity at 1, 3 and 6 months of age and 3) infant immune response to hepatitis 

B and tetanus vaccination at 3 months of age.  To our knowledge, this was the first study 

of its kind to examine the influence of prenatal DHA supplementation on the 

aforementioned outcomes.  

 

Key findings 

DHA concentrations in breast milk 

We showed that prenatal DHA supplementation resulted in significantly higher 

concentrations of both DHA and alpha-linolenic acid (ALA), expressed as % of total fatty 

acids, in breast milk at 1 month post-partum.  Mean breast milk DHA concentrations in 

the DHA and placebo groups were 0.20 (SD=0.06) and 0.17 (SD=0.07), respectively 

(∆=0.02, 95% CI=-0.04, -0.004), and mean ALA concentrations were 1.38 (SD=0.47) 

and 1.24 (SD=0.46), respectively (p=0.02).  Maternal plasma DHA concentrations 

correlated positively with breast milk DHA at 1 month post-partum in both the placebo 

and DHA groups (r=0.4, p<0.01 for both treatment groups).  Similarly, arachidonic acid 

(AA) concentrations in maternal plasma at 1 month post-partum correlated positively 
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with breast milk AA concentrations in both study arms (r=0.5, p<0.01 for both treatment 

groups).   

The preceding findings agree with current literature on maternal DHA nutriture 

and its influence on breast milk DHA concentrations; however, our study contributes new 

information about the specific influence of DHA supplementation alone during the 

second half of pregnancy on breast milk PUFA concentrations.  Our findings complement 

recent findings by Dunstan et al., who showed that supplementation of pregnant atopic 

women with fish oil from 20 weeks’ gestation through parturition resulted in higher 

breast milk DHA and EPA concentrations at 3 days and 6 weeks post-partum (46).  

Similar to our study, women in this study were supplemented only during pregnancy; 

however, this study focused on atopic women, and the women were supplemented with 

fish oil. 

Our findings reveal that although DHA supplementation resulted in higher levels 

of DHA in breast milk, the concentration of DHA in breast milk in this population is low.  

Breast milk PUFA composition varies among different populations and DHA 

concentrations have been shown to range from 0.17 to 0.99 % of total fatty acids, with a 

mean concentration worldwide of 0.32% as estimated in a recent meta-analysis (43, 88).  

Mean breast milk DHA concentrations in our study population are similarly low as those 

seen in women in the United States and other countries where dietary DHA consumption 

is lower than recommended (42, 43).   

Although our findings show that DHA in pregnancy improved breast milk DHA 

concentrations, we do not know if this difference is biologically significant for the 

breastfed infant.  However, since maternal DHA status declines in later pregnancy and 
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early lactation, any significant increase in DHA concentration should be deemed 

desirable.  Higher concentration of DHA in breast milk indicates better maternal DHA 

status, which could benefit both the infant and the mother.  The infant could benefit 

because DHA in breast milk correlates positively with DHA nutriture of the infant, which 

has been shown to influence cognitive development (72, 74, 155).  Additionally, 

improved DHA nutriture in the mother may provide benefits such as a lower risk of pre-

eclampsia and post-partum depression (156-159).  Since DHA was given to the mothers 

during pregnancy, any significant difference in outcomes in this study, such as infant 

morbidity, could be attributed to either DHA exposure in utero, DHA intake through 

breast milk, or a combination of in utero and early life exposure to DHA. 

  

Infant morbidity 

Analysis of infant morbidity revealed that the occurrence of specific illness 

symptoms did not differ between the groups at 1, 3 and 6 months; however, the 

occurrence of a combined measure of cold symptoms was lower in the DHA group 

(OR=0.76; 95% CI=0.58,1.00) at 1 month.  Duration of illness varied between groups at 

1, 3 and 6 months.  At 1 month, the DHA group experienced 26, 15 and 30% shorter 

duration of cough (P<0.01), phlegm (P=0.01) and wheezing (P<0.01), respectively, but 

had 22% longer duration of rash (P<0.01).  Although we did not find significant group 

differences in occurrence of symptoms at 3 months of age, the DHA group continued to 

experience, with borderline significance, lower occurrence of colds (OR=0.77; 95% 

CI=0.59, 1.02).  Additionally, children in the DHA group experienced fewer total days ill 

from all symptoms than children in the placebo group (RR=0.86, 95% CI: 0.80, 0.93).  At 
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6 months, infants exposed to DHA experienced 20, 13, 54, 22, and 25% shorter duration 

of fever (P=0.03), nasal secretion (P=0.02), difficulty breathing (P=0.02), rash (P<0.01)  

and “other illness” (P=0.01), respectively, but  longer duration of vomiting (P<0.01).   

In general, infants in the DHA group experienced shorter duration of illness 

symptoms, which is especially clinically relevant for symptoms such as difficulty 

breathing (the DHA group experienced 54% shorter duration).  The lower occurrence of 

cold symptoms in the DHA group at 1 month is also clinically relevant because this is an 

immunologically naïve population that is more likely to experience complications from 

infections than older children and adults.  Several studies have evaluated the influence of 

essential fatty acid (EFA) supplementation in infancy and childhood on illness and 

biological immunity outcomes and have found decreased risk of illnesses such as 

pneumonia, bronchitis, and respiratory infections with supplementation with LCPUFAs 

(34-36, 107, 135).  However, our study was the first to examine the influence of DHA in 

pregnancy on infant morbidity.  We also examined the influence of prenatal DHA on the 

infants’ response to vaccination. 

 

Infant response to hepatitis B and tetanus vaccination 

Infants were vaccinated against hepatitis B at birth and at 2 months of age, and 

against tetanus at 2 months of age.  Mothers were given a tetanus toxoid vaccination 

during pregnancy.  We collected infant plasma at 3 months of age and determined 

concentrations of both anti-hepatitis B and anti-tetanus IgG and IgM antibodies.  

Concentration of anti-hepatitis B IgG antibody was 12% higher (RR: 0.88; 95% CI: 0.79, 

0.99) in the placebo group (GM=525.3, 95% CI=484.4, 569.7), compared to the DHA 
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group (GM=464.9, 95% CI=430.0, 502.7), while concentrations of anti-hepatitis B IgM 

and anti-tetanus IgG and IgM were similar between groups.  We found a weak positive 

Spearman correlation in the placebo group between anti-hepatitis B IgG and SES (r=.1).  

In the DHA group, we found weak positive correlations between anti-hepatitis B IgG and 

maternal age (r=.2) and parity (r=.1) and anti-tetanus IgG and birth weight (r=.2). 

Since IgG is transferred to the fetus from the mother, we cannot definitively 

conclude that the anti-hepatitis B IgG in the infant plasma was generated by the infant.  

However, infants indeed begin to synthesize their own IgG in response to immunological 

challenges by 2-3 months of age, especially in the case of a booster vaccination (hepatitis 

B).  Further, women were randomly assigned to the study groups, had similar baseline 

characteristics, and therefore presumably represent the study population and should have 

had similar baseline hepatitis-specific IgG concentrations.   

Although our study was the first to examine the influence of DHA in pregnancy 

on infant response to vaccination, two previous studies examined the effect of fish oil in 

pregnancy on cytokine concentrations in cord blood.  These two studies showed that fish 

oil supplementation during pregnancy resulted in lower cord blood IL-13 concentrations 

compared to controls, illustrating a potential pathway by which antibody production 

might be reduced by fish oil supplementation in pregnancy.  IL-13, a Th-2-related 

cytokine, can stimulate antibody production; hence, reduced IL-13 could potentially 

result in dampening of antibody response (108, 160). 

This dissertation study provides preliminary evidence that neonatal DHA nutriture 

may influence antibody response to hepatitis B vaccination; however, the exact 

mechanism of action is yet unclear.     
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Strengths and limitations 

Our study has several strengths, including its design as a double-blind 

randomized, controlled trial (RCT).  The design of an RCT allows researchers to draw 

direct conclusions about the effect of a treatment, such as prenatal DHA supplementation, 

on an outcome, such as infant morbidity.  If the random allocation of treatment is indeed 

successful in an RCT, implying that the treatment groups originated from the same 

population, any group differences in outcomes should be attributable to the intervention 

without having to control for confounding covariates (161).  Maternal baseline 

characteristics were similar between groups in our current study, implying that 

randomization of study participants was successful.   

Double-blinding in an RCT ensures that, because the participants and 

investigators do not know the treatment scheme, both groups are treated equally 

throughout the study and the possibility of selection and other types of bias is therefore 

very low.  True blinding of participants in fish oil trials has been questionable because 

fish oil capsules, for many people, have a very distinct after-taste.  The DHA capsules 

used in our study were tasteless and indistinguishable from the control capsules, and 

unlike trials of fish oil capsules, the algae-derived DHA did not cause noticeable side 

effects such as the taste of fish that would identify the treatment group.  To further 

eliminate bias, all analyses in the current study were conducted following intent-to-treat 

principles and no individuals were removed from the analyses because of factors such as 

low compliance. 
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Compliance, measured as the proportion of capsules consumed of the capsules 

distributed, was monitored weekly by trained field workers, and was high in our study. 

Approximately 94% of women in both treatment groups consumed the dose of capsules 

distributed to them (p=0.6).  Overall, loss to follow up of women who initially received 

treatment through 6 months post-partum was 17%, and was similar between the treatment 

groups.     

 Another strength of our study is that it was conducted in a developing country, in 

a population in which dietary DHA intake is lower than recommended (162).  Our study 

setting and population were unique, as most of the n-3 PUFA supplementation trials have 

been conducted in Europe, Australia and the United States.  The conduct of such trials in 

developing countries is especially important because DHA intake in many developing 

countries is particularly low because of the high cost of marine foods and possible lack of 

knowledge about the potential benefits of intake of n-3 PUFAs during pregnancy. 

Finally, all biological samples were handled carefully by the study team in 

Mexico and at Emory.  Plasma was immediately frozen at the IMSS hospital in a nitrogen 

environment, was later transferred to freezers at the INSP laboratory, and was shipped 

from Mexico to the CDC on dry ice; all samples arrived at the CDC frozen.  For the 

immunoglobulin analysis, samples were run in duplicate along with internal and external 

standards, and all samples were analyzed within a three week period. 

The present study also had several limitations.  Because our study was conducted 

within the context of an ongoing RCT whose main outcome was child growth and 

development, it was not initially designed to detect differences in infant morbidity and 

immune function.  Although this is a potential limitation, we were able to obtain frozen 
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infant plasma from approximately 560 infants and accurate information on morbidity 

from >830 infants, which allowed us to conduct our analyses with sufficient power.  

Also, we created the morbidity questionnaires, which were administered from the onset 

of the parent study.  Another potential weakness of our study was that illness symptoms 

were reported by the mother and not confirmed by a health care professional.  Self-

reporting of morbidity data can introduce bias, however we saw no indication that illness 

was under- or over-reported by a particular treatment group in the trial since treatment 

groups shared similar baseline characteristics and double-blinding was maintained 

throughout the study (163).  Additionally, the use of health calendars/diaries in this study 

likely greatly aided in maternal recall of child illness during interviews (164). 

Another limitation of the current study is that we do not yet have values of 

baseline maternal plasma DHA for all participants involved in our analyses.  As of 

February 2009, the laboratory at INSP had determined maternal plasma DHA 

concentrations in a sub-sample of 217 women.  If we had included this sub-sample of 

baseline maternal plasma DHA results in our breast milk analysis, we would have 

ignored at least 30% of our sample.  Likewise, we would have ignored >75% of our 

morbidity sample and >65% of our sample for the IgG and IgM analysis.  This was a 

limitation because we could not make group comparisons of baseline maternal DHA 

concentrations to ensure that the groups had similar DHA levels at the onset of the study.  

The two treatment groups had similar baseline characteristics for all variables tested (e.g. 

maternal age, weight, height, education, gestational age, SES and dietary intake of 

PUFAs) in each of our analyses, and it seems unlikely that all baseline characteristics 

except maternal DHA at baseline would be similar.  However, a preliminary analysis of a 



140 

 

 

sub-group of maternal samples from the parent study suggests the possibility of a 

difference in baseline DHA concentrations between groups (P=0.046).  The analyses are 

not final and the laboratory at INSP will likely analyze more of the available maternal 

plasma samples to determine if group differences truly exist.  We currently do not know 

how the sub-sample of maternal plasma was generated, and whether the sub-sample was 

truly random.  This issue will be addressed in the future by investigators in the parent 

study.  Additionally, we would have ideally performed PUFA determinations on all 

available 1 month breast milk samples; however, limited study resources precluded this. 

 

Implications of the study findings 

Since the developing fetus and exclusively breastfed infant rely solely on 

maternal supply of DHA, adequacy of DHA in maternal diet during pregnancy and 

lactation is critical.  We found that the dose of 400 mg/day influenced outcomes such as 

breast milk DHA concentrations, infant morbidity and infant response to vaccination.  

The dose of DHA needed to improve outcomes is important because of recent concerns 

about the safety of consumption of seafood by pregnant and lactating women and young 

children. 

Seafood, especially large predatory fish such as swordfish, contains 

methylmercury, a ubiquitous environmental contaminant that becomes concentrated in 

the flesh of some marine animals.  Additionally, the environmental contaminants 

polychlorinated biphenyls (PCBs) and dioxins, by-products of industrial activities, can 

accumulate in marine animal flesh.  Excess exposure of a fetus or young child to any of 

these contaminants during gestation or via breast milk can cause harmful neurological 
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effects such as developmental delays (24).  Accordingly, the U.S. Food and Drug 

Administration (FDA), jointly with the Environmental Protection Agency (EPA), 

recommends that women of childbearing age, pregnant and breastfeeding women, and 

young children consume no more than 12 ounces of fish, or approximately 2 servings,  

per week (165).  Similarly, the European Food Safety Authority recommends that women 

of childbearing age consume 2 fish meals per week (24).  The above recommendations 

state that fish intake should be limited to avoid excess exposure to contaminants; 

however, these guidelines correspond with recommended dietary intake of DHA.  Sioen 

et al. (2008) recently determined using published nutrient and contaminant data that 2 

fish meals per week, including fatty fish, is safe and does not exceed the tolerable weekly 

intake for methylmercury and dioxin-like compounds (166). 

Although there is no official Dietary Reference Intake (DRI) for DHA set by the 

Institute of Medicine, several expert international groups and societies recommend that 

women of childbearing age and pregnant and lactating women consume at least 200 mg 

DHA/day (24, 41). Two servings of fish per week, which corresponds with the safe limit 

set by the FDA and EPA, would provide this amount of DHA.  For example, a 6 ounce 

serving of cooked Alaskan salmon contains approximately 2.5 g of DHA (167).  Two 

meals per week would provide 5 grams of DHA per week, or about 700 g of DHA/d.  

This estimation of daily intake would be lower for different types of fish, as salmon is 

one of the richest sources of DHA.   

Our study will contribute to the formulation of future dietary recommendations by 

demonstrating that a dose of 400 mg/day, equivalent to approximately 2 fish meals per 

week, influenced breast milk DHA PUFA concentration.  We also showed that 400 
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mg/day was well tolerated by pregnant women and caused no harm to the mothers or the 

children. The amount of DHA used in our study satisfies the recommended intake for 

women and children of at least 200 mg DHA/d, but is low enough to avoid the problem 

of potential intoxication by environmental contaminants if the DHA from seafood is 

consumed.  Many of the other trials have used much higher doses of DHA.  For example, 

in the study most similar to ours, by Dunstan et al. (2007) provided a dose of 2.2 g 

DHA/d (46).  This is the equivalent of >2 fish meals per week, which would pose a 

potential risk for high exposure to contaminants if DHA is consumed in the form of 

seafood.   

Additionally, our study showed that highly refined DHA derived from a single-

celled organism (algae) influenced outcomes such as breast milk DHA concentration.  

Demonstrating the efficacy of algae-derived DHA has important implications; first, 

purified algae-derived DHA does not contain toxicants such as mercury, and second, this 

source of DHA provides an option other than fish oil and fish for persons who do not 

consume seafood.  Arterburn et al. (2008) recently demonstrated that DHA from algal oil 

is bioequivalent to DHA from salmon by reporting similar erythrocyte and plasma 

concentrations in persons who had eaten salmon versus people who had consumed an 

algal oil DHA supplement (168).  Also, the unique design of the current study allows us 

to examine the influence of prenatal DHA on outcomes without having to consider EPA, 

the other n-3 PUFA contained in fish oil.  This provides insight into the influence of an 

individual long-chain PUFAs, DHA, on outcomes of interest. 



143 

 

 

These study results, along with results from other available studies, should help 

guide the construct of future dietary recommendations for DHA and recommendations on 

inclusion of n-3 PUFAs in prenatal vitamins.  

Results from the immune function portion of this dissertation study further 

strengthen a proposed relationship between in utero exposure to n-3 PUFAs and 

development of immune function.  These results do not have immediate policy 

implications because more research is necessary to further elucidate DHA’s role in 

immune function.  Our study did demonstrate, however, that DHA in pregnancy can 

potentially benefit the infant by shortening duration of illness. Our findings support 

previous studies that demonstrated the potential immunomodulatory influence of fish oil 

in pregnancy, while providing new insight into DHA’s role in humoral immune response.  

We report lower anti-hepatitis B IgG concentrations in the DHA group, which is 

reasonably consistent with findings of DHA’s role in potentially dampening Th2 

polarization by decreasing production of Th2-related cytokines.  The clinical and long-

term significance of the finding that DHA modulated response to hepatitis B vaccination 

in our study population are yet unknown and may be partially revealed within the context 

of the currently ongoing randomized, controlled trial.  Because anti-hepatitis B IgG 

antibodies were detected in all infant plasma samples indicating seroconversion, and 

because all infants will receive a third hepatitis B vaccination, the differences in mean 

anti-hepatitis B IgG concentrations will likely not impact the infants’ ability to mount an 

adequate response to a potential future hepatitis B infection. 

 

Generalizability 
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Results from our study could be generalized to other populations of pregnant 

women of middle-to-lower socioeconomic status who have similarly low dietary DHA 

intakes in both developed and developing countries.  Our study population has lower 

infectious disease rates than many developing countries, in particular for diarrhea and 

fever.  Therefore, our results on infant morbidity can only be generalized to population 

with similar nutritional status and disease rates. 

 

Future analyses and studies 

The current study was conducted within the context of a large ongoing RCT, and 

a wealth of data will continue to become available in the future.  The following research 

questions, among many others, could be addressed within the context of the current RCT 

to complement the present dissertation analyses:  1) Do group differences in breast milk 

DHA concentrations remain at 3 months post-partum, 2) What is the relationship between 

breast milk PUFAs and infant PUFAs at 3 months of age, 3) Do concentrations of IgA in 

breast milk at 1 and 3 months differ between treatment groups 4) Do group differences in 

morbidity persist into later infancy and early childhood, and 5) Do group differences in 

anti-hepatitis B IgG antibody concentrations persist after the third vaccination at 4 

months. 

Because few studies have examined the influence of prenatal n-3 PUFAs on infant 

morbidity and immune function, more large RCTs designed specifically to detect 

differences in immune function are needed to further explore this relationship.  

Additionally, analysis of different markers of immune function, such as cytokine 
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concentrations and composition of cells involved in immunity, would provide additional 

information about the specific influence of prenatal DHA on immune function.   

Further studies designed specifically to examine the influence of perinatal n-3 

PUFA nutriture on infant immune function, including both biological and clinically 

relevant outcomes, are necessary to evaluate the potential value of dietary modification or 

n-3 PUFA supplementation during pregnancy and/or during lactation.  We could gain 

important knowledge about optimal timing and influence of DHA supplementation in 

pregnancy and lactation through the conduct of the following 4-arm study:  1) placebo, 2) 

DHA supplementation in pregnancy only (20 weeks’ gestation through parturition), 3) 

DHA supplementation in breastfeeding only (onset of breastfeeding through 4 months 

post-partum) and 4) DHA supplementation in pregnancy and lactation (20 weeks’ 

gestation through 4 months post-partum).  Results from this ideal study would provide 

additional information about the influence of DHA on in utero programming of immune 

function, early development of infant immune function, and a combination of both 

prenatal and postnatal factors. 

 

Summary 

In summary, this dissertation study provided novel information about the 

influence of DHA supplementation from 18-22 weeks’ gestation through parturition on 

breast milk fatty acid concentration and morbidity and immune response in Mexican 

infants.  We reported that DHA supplementation improved breast milk DHA 

concentration and overall, reduced the duration of illness symptoms in infants.  We also 

found lower mean concentrations of anti-hepatitis B IgG in the DHA group at 3 months; 
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however, the clinical outcome of this difference is unknown.  The finding of a higher 

concentration of breast milk DHA in the intervention group suggests that DHA’s 

influence on infant immune function might begin in utero, where the immune system first 

begins to form, and continue later during breastfeeding, when the infant immune system 

continues to mature.  These findings reinforce our conceptual framework proposing that 

infant immune function is influenced by both in utero exposure to DHA and exposure to 

DHA in breastfeeding.  The DHA provided during pregnancy may have also altered 

maternal immune function both in pregnancy and lactation, which, in turn, could 

influence infant immune function.  Our findings contribute to the mounting evidence that 

perinatal n-3 PUFA nutriture may influence the development and maturation of fetal and 

infant immune response.   
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Appendix 2.  Form 25: 15 day morbidity recall 
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