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ABSTRACT 

 PUFAs serve many important biological and physiological functions within the body and 

are key for the structure and function of the brain. Omega-6 and omega-3 PUFAs are found in 

abundance in phospholipids of neuronal membranes that impart structure and function of neurons. 

Omega-6 PUFAs are instrumental for neurotransmission, neuronal elongation, and neuritogenesis; 

whereas, omega-3 PUFAs promote neuronal maturation through synaptogenesis. The types of 

PUFAs incorporated into neuronal membranes is especially important in determining the 

progression of development. The processes of neurogenesis, neuritogenesis and elongation require 

large amounts of PUFAs to be incorporated into the membrane phospholipids. To accommodate 

for the high PUFA needs, maternal dietary PUFA, especially EPA and DHA, recommendations, 

mobilization of fatty acids into maternal circulation increases, and the accretion rate of PUFA are 

increased. If maternal nutritional inadequacy of PUFAs occurs during gestation, this can result in 

impaired cognition, behavioral abnormalities, reduced number of neurons, decreased dendric 

arborization, altered myelin sheath, and a reduction in brain size.  

 Even though the essentiality of PUFAs in neuronal development is widely accepted, the 

mechanism is not well understood. There is a lack of consensus in the current literature on the 

effects of individual PUFAs on each stage of neuronal development and the molecular pathways 

involved. Despite the inconsistent evidence, the results of numerous studies have consistently 

suggested that neuronal membrane PUFA composition is associated with neuronal development 

outcomes, such as number of neurons and neurites, neurite length, and neurotransmitter release. 

The varying results may be the result of methodological discrepancies with PUFA composition 

and concentrations, as well as the models used for neuronal development. Additionally, very few 

studies have taken into consideration the competitive relationship of omega-6 and omega-3 PUFAs 

in the body when assessing neurodevelopment.  

 This thesis was focused on addressing the role of PUFAs in neuronal development and to 

address some of the inconsistencies in the literature. attempt to elucidate the individual roles of 

ALA, ARA, and EPA on neuronal membrane composition and neuronal development. The aim of 

the thesis research project was to assess the impact of individual PUFAs on neuronal membrane 

PUFA composition, the membrane n-6:n-3 ratio, and the morphology of SH-SY5Y cells during 

differentiation. The results of this study demonstrated that supplementation of individual PUFAs 
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alters membrane PUFA composition and the n-6:n-3 ratio. However, there wasn’t a significant 

effect on neurite number with ALA, ARA, and EPA treatment. Lastly, ARA treatment decreased 

cell viability compared to the other treatments and the BSA control. Furthermore, additional 

research needs to be conducted to address other morphological measures and functional outcomes, 

such as neurotransmitter production and release. 
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CHAPTER 1. LITERATURE REVIEW 

1.1 Introduction 

1.1.a. Polyunsaturated fatty acids are important for our overall health and well-being 

 Over the last several decades, there has been increasing emphasis on incorporating more 

polyunsaturated fatty acids (PUFAs) and reducing saturated fats in the diet to better our health. In 

the American diet, saturated fat is the predominant source of dietary fat, which is attributed to an 

increased risk for chronic diseases such as coronary heart disease and obesity [1]. Comparatively, 

PUFAs have been regarded to impart health benefits with increased intake. Inadequate 

consumption of PUFAs has been implicated in the development of many chronic diseases 

including Alzheimer’s disease and other neurological disorders, cardiovascular disease, 

rheumatoid arthritis[2], immunologic and inflammatory diseases, diabetes, and obesity[3]. In a 

controlled feeding study conducted in the 1950s, assessing blood cholesterol was the first 

demonstration that replacing saturated fat for PUFAs has a positive impact on health[1]. Since the 

1970s, PUFAs have been recommended to replace dietary saturated fats, the major fat in the 

American diet, to improve health and address the growing concern for coronary heart disease[1]. 

As a result, the consumption of LA in the American diet increased from 3-4% to 6-7% of calories 

by the 1980s[1].  However, in the 1990s, the LA recommendation was contested by the implication 

that increased LA intake causes more negative health consequences than beneficial[1]. Higher 

levels of omega-6 PUFAs, specifically Linoleic Acid (LA), in bodily tissue are thought to 

contribute to the development of atherosclerosis, increase risk for cardiovascular disease[1], and 

insulin resistance[4]. However, there are inconsistent results on the contribution of LA to 

cardiovascular-related outcomes[1]. 

 Around the same time that increased LA intake was recommended for health benefits, there 

was developing interest in omega-3 PUFAs and their impact on health. The observational studies 

conducted in the 1970s with the Greenland Inuit population were some of first studies to spark 

interest in omega-3s and demonstrate an association between omega-3 PUFAs and improved 

health[5]. The Inuit diet is a prime example of a dietary pattern high in omega-3 PUFAs. In this 

population, there is a low incidence of cardiovascular-renal diseases, improved visual acuity, and 

improved neurodevelopment in children[6–11]. Since the 1990s, the focus has shifted from 
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increasing total PUFAs to omega-3 PUFAs in the diet. Many studies have demonstrated the 

detrimental effects of low omega-3 PUFA consumption on health, including increased risk for 

metabolic syndrome, coronary heart disease, and type 2 diabetes[4]. With the potential adverse 

health effects from high omega-6 and low omega-3 consumption, omega-3 fatty acids have 

become the primary PUFA of concern in dietary recommendations due to the attribution of more 

extensive health benefits. 

 With the attention on the beneficial effects of omega-3 PUFAs, the perception of omega-

6s has shifted to the negative contributions to chronic diseases and no longer on their usefulness. 

However, omega-6 and omega-3 PUFAs are both important dietary constituents as they serve a 

multitude of functions and are found in all tissues of our bodies[12]. PUFAs are required for growth 

and development, cognition, inflammation and immune response, and regulation of plasma 

lipids[12–16]. PUFAs are key in various physiological and biological functions in the body including 

membrane structure and function, neurotransmission, neurogenesis, and signaling molecules[15,17]. 

Because of their extensive involvement in many essential functions in the body, it is important to 

consume adequate amounts of both omega-6 and omega-3 PUFAs in the diet. 

 The Western dietary pattern is associated with many health consequences, such as 

increased risk of cardiovascular disease (CVD), CVD-related events, type 2 diabetes, and mental 

disorders[18]. Opposingly, omega-3 fatty acids have long been implicated in optimal health, with 

some of the most well-known benefits on cardiovascular health, neurocognition, inflammatory 

diseases such as rheumatoid arthritis, and fetal brain development[2,18,19]. Despite the common 

attribution of omega-3 PUFAs to health benefits, high omega-3 intake is associated with no 

reduction of CVD incidence[20], increased risk of Ischemic Heart Disease (IHD), increased risk of 

atrial fibrillation, impaired immune response[21,22], increased bleeding, higher risk of hemorrhagic 

stroke, and gastrointestinal distress[18]. 

1.1.b. Essential fatty acids and PUFA metabolism 

 PUFAs contain at least 2 double bonds and can be classified into 2 main categories: omega-

6s (n-6) and omega-3s (n-3). The distinction between omega-6 and omega-3 PUFAs is the position 

of the first double bond in the carbon chain from the methyl end, omega (ω) or n. The number in 

the name denotes the carbon in the chain with the first double bond[15,19].  The first double bond in 

n-3 PUFAs is found at the 3rd carbon in the chain from methyl carbon[23]. In n-6 PUFAs, the first 
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double bond is at the 6th carbon position from the methyl carbon[24]. PUFAs can further be 

distinguished by the carbon chain length and the total number of double bonds in the chain[23,24]. 

Long chain polyunsaturated fatty acids (LCPUFAs) are synthesized from ALA and LA and have 

at least 20 carbons[23,24]. 

 PUFAs cannot be intrinsically synthesized as humans lack the necessary enzymes and 

therefore need to be consumed in the diet. The 18-carbon omega-6 PUFA, LA, and omega-3 PUFA, 

ALA, are considered essential fatty acids (EFAs) as they must be obtained through the diet. Once 

consumed, LA and ALA are precursor PUFAs that can be converted into long chain PUFAs 

(LCPUFAs), which contain at least 20 carbons. This conversion process consists of a series of 

desaturation and elongation steps that occurs primarily in the liver[15,25] (Figure 1). ALA can be 

metabolized into its subsequent LCPUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA)[23]. LA can be metabolized into its subsequent LCPUFA arachidonic acid (ARA)[24]. Even 

though humans possess the enzymes, we are not reliant on the metabolism of EFAs to LCPUFAs 

as preformed LCPUFAs can also be obtained from the diet but are found in much smaller amounts 

than EFAs[19].  

 The metabolism of precursor EFAs into their respective LCPUFAs is highly competitive. 

Once consumed in the diet, the EFAs LA and ALA can be elongated and desaturated to form their 

subsequent downstream LCPUFAs; however, LA and ALA utilize the same enzymes for LCPUFA 

synthesis and act as a competitive inhibitor towards each other when there is a surplus of one[26].  

Since the efficiency of converting ALA to EPA and DHA in the body is slow and inefficient[19,26], 

the conversion of n-3 PUFAs is especially dependent on the concentration of LA and total PUFA 

in the diet[27]. An imbalance in the concentration of each class of PUFA can be disruptive to normal 

cellular functions[26]. In the Western diet, the increasing intake of LA causes a severe imbalance 

in the fatty acid composition of cellular membranes, favoring ARA and reducing n-3 PUFAs 

concentrations[15]. With the high concentration of omega-6 PUFAs in the Western diet, there is an 

increasing concern with the ratio of n-6 to n-3 PUFAs and the associated health consequences. 
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Figure 1. Conversion of n-6 and n-3 PUFAs to LCPUFAs.[26] 

 

1.1.c. Dietary sources and recommended intakes of PUFAs 

 Both omega-6 and omega-3 PUFAs can be found in plant and animal sources. The most 

common sources of omega-6 PUFAs are vegetable oils, such as corn and sunflower oil, cereal 

grains, and saturated animal fats[28]. Omega-3 PUFAs can be found in foods such as oils, nuts, and 

seafood; following the best sources of alpha-linolenic acid (ALA) are flaxseeds, chia seeds, 

walnuts, canola oil, fish[15,29–31], and eggs[11]. Preformed long chain omega-3 PUFAs, EPA and 
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DHA, are found in larger amounts in seafood such as salmon, sardines, herring, mackerel, trout, 

and oysters[31], as well as in fish and krill oil supplements[2].  

 The current recommended Acceptable Macronutrient Distribution Range (AMDR) for total 

omega-6 PUFAs is 2.5 – 9% of calories[32], which is approximately 8g for males and 5.5g for 

females per day. The AMDR minimum of 2.5% is the Adequate Intake (AI) established for LA to 

prevent deficiency[6,32]. The recommendation is to not exceed 11% daily calories from total 

PUFAs, with no more than 9% of total PUFAs from LA to reduce risk of negatively impacting 

health[32]. The AMDR recommendation for total omega-3 PUFAs in adult males and non-lactating 

females is 0.5 – 2% of daily calories and 250mg – 2g of EPA+DHA per day[32,33]. The minimum 

of 0.5% daily calories, or 1.6g for males and 1.1g for females per day[2], is the AI established for 

ALA to prevent deficiency[32]. To meet the recommended dietary intake of omega-3 PUFAs, 

especially the 250mg/day of EPA+DHA, the Dietary Guidelines for Americans (DGA) 

recommends 8 oz. of seafood per week[31,33]. The average American adult meets the AI for ALA 

but significantly fails to meet the 250mg/day recommendation for EPA+DHA[33]; thus, LA is the 

prominent PUFA in the recommended total PUFAs AMDR 6 – 11% of daily calories[32]. 

 Omega-3 PUFAs have become the predominant focus in dietary fat and seafood 

recommendations for chronic disease prevention and improved health outcomes [2,34]. As a result, 

health organizations such as FAO/WHO and the American Heart Association, as well as the DGA 

starting with the 2005-2010 edition, recommend at least 2 servings of seafood/fish per week to 

achieve adequate omega-3 PUFA intake, EPA and DHA specifically[2,4,31,32,34,35].  Even though 

dietary recommendations from various health organizations consistently suggest increasing dietary 

intakes for omega-3 PUFAs, the recommended range is large and there is a lack of consensus 

among health organizations as to the optimal dietary recommendation for omega-3 PUFAs, 

especially preformed EPA and DHA. 

 Despite the emphasis on the consumption of omega-3s for health benefits, omega-6 fatty 

acids remain the most abundant PUFA in the American diet. The increased production and use of 

vegetable oils, such as corn and soybean oils, and shortening in the 1960s[1] in addition to large 

amount of high saturated fat foods such as meat in the American/Western diet[4] resulted in an 

increase in LA intake. The percentage of energy per day derived from LA has consequently 

increased from 3-4% to 6-7% since the 1980s[1] and has continued this upward trend to the present. 

The increasing consumption of LA is reflected in the higher concentration of LA in adipose tissue 
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from 8% to 18%, currently[1,36]. Conversely, omega-3 PUFA consumption has minimally changed 

over the years[4,15]. 

1.1.d. The n-6:n-3 ratio is an important consideration for health 

 The generally perception of PUFAs is that omega-6 PUFAs are “bad” and omega-3 PUFAs 

are “good” for health. Meeting recommended dietary intake of omega-3 PUFAs is especially 

important in balancing n-6 to n-3 PUFA intake as n-6 PUFAs are consumed in excess in the 

American diet. The conflicting nature of the effects of omega-6 and omega-3 PUFAs have on 

health illustrates the importance of balancing omega-6 and omega-3 PUFA intake to maintain 

health and prevent chronic health problems. The Western dietary pattern, which is notoriously high 

in omega-6 PUFAs and low in omega-3, has an exceeding large ratio of omega-6 to omega-3 

ranging from 10:1[15] up to 20:1[4,9,11,37–39], with an average of 15 – 16.7:1[11]. The high consumption 

of omega-6 PUFA in the Western diet has drastically altered the omega-6 to omega-3 ratio from 

the 1:1 ratio[4,11] in the diet of our ancestors during the Paleolithic period in the evolution of human 

beings[39]. The large discrepancy with the n-6:n-3 ratio in today’s society compared to the 

paleolithic diet has been attributed to industrialization and grains becoming a prominent 

component of our diets[9,37,39].  

 Currently, there is not a consensus on the optimal n-6 to n-3 fatty acid ratio. Intervention 

studies investigating the n-6:n-3 fatty acid ratio on chronic diseases have demonstrated beneficial 

effects of ratios ranging from 2:1 to 5:1. These studies demonstrated that a 2.5:1 ratio for colorectal 

cancer[40,41], a 3:1 ratio for rheumatoid arthritis 3:1[42], and a 5:1 ratio for asthma[43]. It has been 

proposed that an omega-6 to omega-3 ratio of 4:1 helps to prevent the development of chronic 

diseases, but the ideal ratio is 1-2:1 to promote optimum health[11,15]. 
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1.2 LCPUFAs are Critical in Brain Development 

1.2.a. The importance of omega-3 and omega-6 PUFAs for fetal outcomes 

 Omega-3 PUFAs are important for every stage of life mainly because of the extensive 

involvement in essential physiological processes in the body. Women who are pregnant and 

breastfeeding should be most concerned about achieving adequate intake of omega-3 PUFAs; 

consequently, these women are instrumental in the health of their child. In the 1980s, the 

importance of omega-3s in pregnancy was brought to light in an epidemiological study, of a Danish 

population, which suggested that increasing blood omega-3s compared to omega-6s correlated 

with improved birth outcomes[44]. Additionally, several studies have assessed fish consumption 

and LCPUFA supplementation during pregnancy; thus, higher fish consumption by mothers is 

associated with improved neurodevelopmental outcomes[2,45]. Maternal dietary PUFA intake 

during pregnancy is implicated in numerous fetal outcomes including gestational weight, 

premature birth, visual acuity[46], cognitive development, mental disorders[47], metabolic syndrome, 

and chronic immune disorders[15]. Diets with higher n-3 PUFA consumption during pregnancy is 

associated with reduced risk of pre-term birth, longer gestation, and higher birth weight [16,48]. 

Several observational studies and randomized clinical trials (RCTs) propose a relationship between 

lower DHA levels in blood and increased risk of visual and neurological development 

complications in infants and children[15]. Despite the numerous benefits, too much omega-3 PUFA 

consumption can cause problems. High n-3 PUFA intake is associated with increased risk of health 

issues for both the mother and child because of prolonged gestation and higher birth weight of the 

infant[48]. The associated health risks include longer duration of labor, excessive bleeding for the 

mother, increased risk for fetal distress, and perinatal death due to diminished function of the 

placenta, obesity, diabetes, and metabolic syndrome for the child[48]. 

 The omega-6 LCPUFA, ARA, is also vital in fetal outcomes even though omega-3 

LCPUFAs are the predominant focus.  ARA is crucial for neurogenesis[49], neurotransmission, 

visual functions, auditory functions, cognitive development, epilepsy, inflammation, immune 

response, blood clotting, and initiation of labor[16,48,50]. Additionally, ARA serves an important role 

in anandamide biosynthesis in the endocannabinoid system in the brain that causes cell 

proliferation and modulation of neurological functions including emotions[27], motivation and 
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reward systems, stress, pain, and sleep[51,52]. ARA is speculated to be important for normal growth 

of the body and brain[15,53], but the results are inconsistent[54]. 

 The intake of n-6 fatty acids needs to be taken into consideration with recommended n-3 

intakes during pregnancy. Higher intakes of LA and ARA alter the proportion of n-6 to n-3 fatty 

acids in tissue in favor of n-6 fatty acids[55]. Excessive concentrations of n-6 PUFAs compared to 

n-3 PUFAs are disruptive to proper growth and development. Diets with higher n-6 to n-3 ratios 

are associated with lower birth weight, shorter gestation length[16], and restricted growth[55]. 

Several animal studies have demonstrated that insufficient omega-3 PUFAs in pregnancy result in 

impairments in cognition and behavior of offspring[56]. Also, several studies investigating the 

effects of the composition of DHA and ARA in baby formula on cognitive outcomes during 

postnatal brain development, illustrate the importance of both classes of LCPUFAs in 

neurodevelopment. In a study conducted in neonate baboons feed baby formula with 

approximately equivalent amounts of DHA and ARA, fatty acid composition of brain tissue in 

several regions had diminished levels of ARA in comparison to the neonates fed formula with a 

lower amount of DHA.  In a study conducted in rats, pregnant rats fed diets with high n-3 LCPUFA 

and little ARA led to a severely reduced concentration of ARA in brain phospholipids in 

offspring.[50] Additionally, the DIAMOND (DHA Intake and Measurement of Neural 

Development) study demonstrates the negative effects of high n-3 LCPUFA, specifically DHA, 

on cognitive outcomes. Infants given the highest dosage of DHA-supplemented formula, 

51mg/100kcal of DHA, from birth to 12 months, had reduced sustained attention at 12 months of 

age, mental adaptability at 42 months, and verbal IQ at 72 months. LCPUFA composition of red 

blood cells was determined from samples at 4 month and 12months and yielded that infants fed 

the highest dosage of DHA had reduced ARA compared to the low and intermediate dosage 

groups.[57] A study conducted in preterm infants comparing formulas with 2 different doses of 

ARA with constant DHA showed that preterm infants fed formula with higher levels of ARA had 

significantly higher ARA concentrations in plasma and higher psychomotor development[50]. 

1.2.b. Dietary recommendations and usual intakes for pregnancy and lactation 

 To support fetal requirements for proper growth and development, pregnant women have 

higher dietary needs for n-3 PUFAs. Dietary recommendations for omega-3 LCPUFA 

consumption during pregnancy vary greatly worldwide. The recommendations range from 115mg 
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– 1.8g/day of total n-3 PUFA and 200mg – 1000mg/day of DHA [58,59]. In the US, the 2015-2020 

DGA provides the recommendation to consume at least 8-12oz of seafood per week for women 

that are pregnant and lactating[31]. The 2010-2015 DGA is the first edition of the DGA to include 

the importance of consuming omega-3 fatty acids during pregnancy and lactation for visual and 

cognitive development[34]. This recommendation ensures the EPA+DHA recommendation of 250 

- 300mg/day is met for adequate EPA+DHA needs of the fetus and infant[31,59]. In pregnant and 

lactating women, the AI for ALA increases to 1.4g and 1.3g, respectively, to meet the needs of 

fetal and infant development[2]. Additionally, a minimum of 200-300mg/day of DHA is 

recommended for pregnant and lactating females[59]. The 2015-2020 DGA recommends at least 8 

oz. up to 12 oz. of seafood per week for pregnant and lactating women to meet the omega-3 

recommended intake[2,31]. Additionally, the American Academy of Pediatrics recommends women 

who are breastfeeding to consume 200-300mg of DHA, approximately 1-2 servings of fish per 

week, in order to obtain an adequate amount of DHA for breast milk[2,60]. 

 Even though omega-3 PUFAs are important for proper fetal development, pregnant and 

lactating women are not meeting the dietary recommendations for seafood and omega-3 PUFAs. 

In several recent epidemiology studies assessing usual intakes for seafood and EPA+DHA, nearly 

all women of childbearing age and pregnant women were significantly below seafood and 

EPA+DHA recommendations[61–64]. Also, there was no difference in intake of n-3 fatty acids in 

pregnant women vs. non-pregnant women[63,64], even though the AI for total omega-3 PUFAs 

increases in pregnancy and lactation[2]. The approximate dietary intakes of EPA+DHA from food 

and food combined with supplements in pregnant women is 78.7 +/- 6.8 mg/day and 97.7 +/- 8 

mg/day, respectively[65]. With pregnant women in the US are failing to meet daily requirements of 

EPA and DHA, there should be more concern for how inadequate omega-3 PUFAs can negatively 

affect their child. It has been suggested that the detrimental effects on cognition and physiological 

functions that result from insufficient maternal n-3 PUFA consumption in pregnancy is irreversible 

after birth even with postnatal supplementation of PUFAs[48]. Nutrition during critical 

developmental periods can irreversibly affect fetal physiology resulting in increased risk of 

developing chronic diseases as an adult[66]. Maternal consumptions and transfer of LCPUFAs 

impacts fetal growth and development as well as disease susceptibility later in life[67]. 
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1.2.c. Omega-3 PUFA intake higher than the AI does not impart additional benefits 

 Several systematic reviews and meta-analyses assessed the impact of maternal omega-3 

LC-PUFA supplementation during pregnancy on neurodevelopment.  Many RCTs demonstrated 

that a high maternal n-3 status does not improve neurodevelopmental outcomes, such as visual 

acuity and cognition, in infants[68–71]. Conversely, a more recent prospective Norwegian cohort 

study conducted by Braarud et al. (2018) demonstrated a positive association of maternal DHA 

status with infant problem-solving abilities at 12 months of age[72].  It has also been shown that 

mothers taking n-3 PUFA supplements during pregnancy and lactation is associated with increased 

IQ values in offspring at 4 years of age[73]. Other pregnancy outcomes, such as a short gestation 

and low birth weight babies, are strongly associated with low maternal LC-PUFA status during 

pregnancy[74]. In RCTs with breastfed preterm infants, when the lactating mothers were 

supplemented with n-3 PUFAs, the preterm infants had improved performance on global 

neurodevelopment tests[75].  Despite the inconsistent results, all the researchers concluded that 

meeting recommended DHA dietary intake is important for pregnant and lactating women[72,73,75], 

even if supplementation provides no clear benefit beyond the AI[68–70]. 

1.2.d. Omega-6 and omega-3 PUFAs are required for neurodevelopment 

 LCPUFAs are critical during each stage of a fetus’s development of the central nervous 

system (CNS) and the brain.  The brain has the most abundant proportion of lipids in comparison 

to the other organs in the body. Approximately 50 – 60%[76] of the dry weight of the brain is lipids, 

of which LCPUFAs constitute 20-25%[56]. The brain is largely composed of LC-PUFAs that are 

essential for structure and function. The brain is largely composed of LC-PUFAs, predominantly 

ARA and DHA[76], which are found mainly esterified in the sn-2 position of phospholipids in 

cellular membranes.  In the brain, DHA constitutes 10-15% [48,77] and 8-11% for AA of total fatty 

acid weight[77]. Out of total brain fatty acids, DHA comprises upwards of 40% of total brain 

LCPUFAs[78]. Polyunsaturated fatty acids are important for optimal neurodevelopment and 

functioning, as they are highly enriched in the cellular membranes of neurons. Both ARA and 

DHA are key components in cellular membranes and play essential roles in membrane flexibility, 

fluidity, and permeability[15,51]. Alterations to FA composition in the brain influences a large 



 

 

21 

 

variety of essential functions such as maintenance of axons & dendrites, cell shape, neuronal 

plasticity, dopamine storage, vesicle formation and transport[15]. 

DHA is abundantly found in neuronal tissues, especially synaptic membranes and vesicles[78,79].  

Synaptic membranes and lipid rafts are abundantly composed of DHA and is required for proper 

neuronal function.  Changes in membrane DHA composition can affect neurotransmission and 

signaling. Incorporation of DHA in synaptic membranes of developing neurons promotes 

synaptogenesis [80–84].  In developing neurons, as demonstrated through cell and animal studies, 

DHA is required for facilitating formation of synaptic proteins for vesicle fusion and incorporation 

into the membrane elongates and increases branching[74]. Through animal studies, DHA has been 

linked to dopamine production, receptor activity, and secondary signaling to facilitate 

neurotransmission[85–87].  DHA also enhances signal transduction[74] and plays a key role in 

modulation of dopamine synaptic neurotransmission[74]. Human studies have supported this with 

demonstrating that infants deficient of n-3 PUFAs have a decreased dopamine production[88]. ARA 

is also involved in neurotransmission via regulation of voltage-gated channels involved in the 

propagation of action potentials through neurons[51]. 

 n-3 LC-PUFAs are the major determinant of membrane PUFA composition; following, it 

has been shown in cases of dietary deficiency of n-3 PUFAs, that n-3 PUFAs are replaced with an 

n-6 PUFA equivalent to be esterified in phospholipids[70]. Since n-3 PUFA is the key determinant 

of membrane composition, increased turnover of n-3 PUFAs without adequate supply for 

replacement, equivalent n-6 PUFA will instead be incorporated. The increased incorporation of n-

6 PUFA into neuronal membranes, especially in the synapse, alters membrane function because 

DHA is a key mediator of neurotransmission[74]. LC-PUFAs are mainly found in phospholipid 

membranes and lipid peroxidation results in loss of membrane fluidity, reduced membrane 

potential, and increased permeability[89]. 

 Given DHA and AA’s critical role in the brain, during pregnancy and lactation adequate 

dietary intake of LCPUFAs, especially omega-3 fatty acids, is required for optimal fetal brain 

development.  Low dietary supply of DHA “[impairs] neurogenesis, altered gene expression and 

neurotransmitters”[55]. Animal studies have demonstrated disruption to proper brain development 

in offspring with DHA deficiency in pregnancy[55]. Studies that have fed animals n-3 PUFA 

deficient diets yielded reduced DHA concentrations in the brain, neuronal size, dopamine and 

serotonin, and impaired visual function, memory and learning[75]. 
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1.2.e. PUFAs are required throughout gestation and postnatally 

 Fetal demands for omega-6 and omega-3 LCPUFAs are high throughout gestation and even 

after birth for proper growth and development. During gestation, the fetus is dependent on 

adequate maternal supply of LCPUFAs to meet requirements. To provide sufficient LCPUFA 

concentrations to the growing and developing fetus, maternal metabolism adapts to accommodate 

increased needs, which is seen through the high maternal plasma concentration of LCPUFAs. The 

plasma concentration of LCPUFAs, found in phospholipids, increases by 50% during gestation[90]. 

The maternal dietary supply of n-6 and n-3 LCPUFAs is important to support increased LCPUFA 

fetal needs[3,48,91] but is not nearly enough[68]. The increased plasma LCPUFA concentration is also 

due to increased mobilization of fatty acids from maternal adipose tissues[68,90]. This is supported 

by the increase in lipolytic activity in adipose,  as seen with increased expression of hormone 

sensitive lipase, highest in the last several weeks of gestation[66,92]. Utilization of maternal adipose 

tissue stores of LCPUAs also emphasizes the effect of maternal diet prior to conception in addition 

to prenatal diet[90]. Additionally, it is suggested that women naturally are slightly more efficient at 

the conversion of EFAs to LCPUFAs than men due to estrogen[3,48]. The conversion rate of ALA 

to EPA is 21% in women and 8% in men[48]. Also, the conversion rate of ALA to DHA is 9% in 

women and 0-4% in men[48]. The already higher efficiency in conversion of EFAs to LCPUFAs in 

women only increases during pregnancy to meet fetal LCPUFA requirements[48]. 

 In the first 7 weeks of pregnancy, the embryonic phase, the brain forms, continues to grow, 

and undergoes functional development until the 8th week of pregnancy, the fetal period[47]. 

Maternal LCPUFA mobilization and utilization in the fetus begins in early gestion prior to the 

closure of the neural tube[48], which is approximately 9 weeks. The later stages of pregnancy, 

especially the third trimester, LCPUFA accretion increases in the fetus; consequently, at this time, 

LCPUFAs are highly incorporated into the fetus’s brain[47] and adipose tissue[90,91,93]. In the first 

and second trimesters, ARA is the primary LCPUFA that is accumulating in the fetal brain; 

following, it is the most abundant LCPUFA at birth[56].  Nonetheless, DHA accumulation in the 

grey matter of the brain[90] and in neuronal synapses[94] begins in the third trimester[47]. The highest 

accumulation of DHA in the fetal brain, up to 70 mg/day, and white adipose tissue is during the 

third trimester[48]. Assessment of the PUFA contents of fetal organs has revealed that adipose tissue 

contains the largest stores of LA, ARA, and DHA at birth; it is estimated that 50% of DHA is in 

adipose while 23% is found in the brain[93]. When infants are born with higher serum DHA and 
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ARA, this can impart a continued increased accumulation into body tissues into the first couple 

postnatal weeks[91]. Adipose tissue has been proposed to be an important supply of DHA for infant 

brain development; Thus, an adequate PUFA supply during gestation is beneficial for postnatal 

brain development.[91,93] 

 DHA is instrumental in the proliferation and differentiation of neuronal cells[56]. During 

gestation, DHA is part of signaling and synaptogenesis; thus, collecting in neuronal growth cone 

membranes[95]. High dietary ω-6 fatty acids contribute to reduced docosahexaenoic acid in the 

developing brain and inhibit secondary neurite growth[96].  Interestingly, in the last trimester DHA 

is stored in the brain at a rate of 3mg/d; whereas the rate increases to 5mg/d in the post-natal 

period[3]. During the 3rd trimester, DHA is increasingly incorporated into fetal tissues leading to a 

substantially lower n-6 to n-3 ratio.[55] In the third trimester and after birth, the brain develops with 

great speed; thus, the proper level of DHA is critical in neurogenesis. Insufficient DHA in early 

gestation is more detrimental than deficiencies further in development. 

 Dendritic arbor growth, the rapid formation of synapses connections, and the accumulation 

of DHA in the brain continues  after birth until two years of age[91].  From birth until the age of 2, 

the brain is actively developing because a child’s brain is only at 25% of the final volume when 

the child is born[47]. Sufficient supply of DHA and ARA during the last trimester of pregnancy to 

2 years of age are required to meet the demands of the high rate of accretion into the brain[70]. 

During this prenatal and postnatal period, the brain is still undergoing major structural changes[78].  

Because DHA continues to collect in the brain up to the age of 2, adequate LCPUFA is extremely 

important[47]. Brain growth postnatally consists of the growth and expansion of axons and dendrites 

and the formation of myelin sheath around neuronal axons[47]. DHA gradually increases postnatally 

and eventually exceeds that of ARA to become the primary LCPUFA in the adult brain[56]. 

Moreover, adequate DHA levels are both important for fetus gestation and during the first two 

years of a child’s development. 
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1.3 Mechanisms of Fetal Utilization of PUFAs in Neurodevelopment 

1.3.a. Placental Transfer of PUFAs 

 During pregnancy, the fetus is reliant on maternal LCPUFAs via placental transfer for 

growth and development[70,73,97]. The placenta is pertinent to supply the fetus since the fetus has 

limited capability to desaturate and elongate PUFAs [55,90]. Starting in the third trimester, the fetus 

can convert ALA into DHA and LA into ARA; however, this process is limited[92,98] and cannot 

supply adequate LCPUFA to meet the high requirements. It is not until 16 weeks after birth that 

infants can more successfully convert EFAs into their respective downstream LCPUFAs[56]. Even 

though EFA conversion is low, the fetus is more capable of synthesizing ARA than DHA[90]. For 

n-3 PUFAs in particular, increased maternal metabolic capacity for DHA synthesis and rate of 

placental transfer regulate availability of DHA for fetal use[48]. Also, the placenta has a low rate of 

conversion of EFAs to their subsequent LCPUFAs.[55] Therefore, pre- and perinatal LCPUFA 

supply is highly dependent on dietary DHA and ARA and preformed DHA and AA are considered 

particularly important. Preformed LCPUFAs are preferential sources for the developing brain and 

incorporation into phospholipids[3] as they are more efficiently used. This is supported by the 

higher plasma concentrations of ARA and DHA in the fetus and neonate[70]. It is suggested that 

this occurs by selective placenta transport of preformed LCPUFAs and proposed to do so through 

individual PUFAs being compartmentalized in the placenta[3,99]. ARA has a higher accumulation 

in the placenta than DHA, but DHA is transported through the placenta into the fetal blood stream 

at a much higher rate compared to ARA[70]. 

 LCPUFA concentration is higher in fetal circulation than maternal circulation due to its 

increased needs for growth and development[48]. Within plasma, LCPUFAs can be found esterified 

in triglycerides and phospholipids and non-esterified fatty acids (NEFAs) bound to albumin.  The 

increase concentration of plasma LCPUFA is important for placental transfer. Triglycerides cannot 

be transported across the placenta[92].  Triglycerides hydrolyzed by lipoprotein lipase to release 

esterified fatty acids[99] and non-esterified fatty acids (NEFAs) are the primary maternal fatty acid 

sources used in placental transfer[55]. Transfer is also dependent on the activity of placental 

lipoprotein lipase (LPL), phospholipase A2 (PLA2), intracellular lipases, and triacylglycerol 

hydroxylase[48]. LPL and PLA2 hydrolyze maternal plasma lipoproteins and phospholipids to 
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liberate LCPUFA.  The transport of PUFAs across the placenta is based on a concentration gradient, 

with the fetus having very low PUFA in comparison to the mother[70,100]. 

 PUFAs, especially DHA and ARA, are transferred across the placenta from 

maternal circulation into fetal circulation[48]. Once ARA and DHA, as NEFAs,[70] are thought to 

be transferred through the placental syncytiotrophoblast with by passive diffusion or membrane 

transport proteins that have a high specificity to LCPUFAs[3,55]. The membrane transport proteins 

in the syncytiotrophoblast include plasma membrane fatty acid-binding protein (pFABPpm), fatty 

acid transport protein 4 (FATP-4) [3,55], fatty acid translocase (FATP) CD36 [55,99,100], and Mfsd2a, 

a sodium-dependent lysophosphatidylcholine symporter [99]. FATP-4 in the placenta is speculated 

to have a high affinity for DHA as the expression of FATP-4 is correlated to umbilical cord blood 

DHA concentration[55]. PUFAs can also be transferred across the placenta through passive 

diffusion in addition to membrane protein-mediated mechanisms[55]. Once NEFAs are taken up 

into the syncytiotrophoblast, NEFAs can be esterified in phospholipids and triglycerides that are 

stored in lipid droplets or bind to cytoplasmic transport proteins to be released into the placental 

villous stroma[99,100]. From the syncytiotrophoblast, the non-esterified LCPUFAs travel through 

the villous stroma and into the fetal capillary endothelium where NEFAs bind to albumin[99,100]. 

1.3.b. Fatty acid transport from circulation to the brain 

 LC-PUFAs in plasma are found in esterified fatty acid pools that include lipoproteins, 

phospholipids and NEFAs. Circulating lipoproteins contain the largest amount of LCPUFAs, but 

NEFAs and lysophosphatidylcholine (LPC) are the primary sources of plasma LCPUFAs taken up 

by the brain[101,102]. Studies conducted in rodents have shown that NEFAs, DHA, is rapidly taken 

up by the brain[103–106]. Plasma NEFA concentration is supplied by hydrolysis of triacylglycerol in 

chylomicrons by lipoprotein lipase and adipose tissue by hormone sensitive lipase. NEFAs are 

bound to albumin in circulation while LPC can be found both bound to albumin or within 

lipoprotein membrane phospholipids, specifically phosphatidylcholine that can be partially 

hydrolyzed to sequester LPC[78]. Both NEFAs and LPC are efficiently taken up by the brain; 

whereas NEFAs are more rapidly cleared from circulation by the brain[78]. NEFAs and LPC 

released from lipoproteins through the hydrolysis activity of lipoprotein lipase and endothelial 
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lipase, expressed in brain capillary endothelial cells, can also be taken up by the brain, but this 

uptake is much less efficient[78].  

 The mechanism of LCPUFA uptake across the blood brain barrier (BBB) into the brain is 

not currently well understood. Two mechanisms have been proposed for PUFA uptake into the 

brain from circulation: passive diffusion and via specialized transport proteins[78,107] (Figure 2). To 

be transported across the BBB, NEFAs and LPC dissociate from albumin or release through the 

hydrolysis of lipoproteins and associate with the luminal side of the endothelial membrane of the 

BBB. NEFAs are thought to move across the BBB via passive diffusion. With passive diffusion, 

NEFAs incorporate into the membrane and translocate to the cytosolic, inner leaflet of the 

membrane bilayer by flip-flop[78,107]. This process repeats through the layers of the BBB until it 

reaches the parenchyma basal membrane[78]. During this process, NEFAs may diffuse into the 

cytosol with aid of cavolein-1 or FABP.  NEFAs can also be trapped within the cell by binding 

FABP or be acyl-CoA activated by acyl-CoA synthetase of FATP to trap the NEFAs. This can aid 

in trafficking NEFAs across the cytosol[78,107].  Possibly, LPC is taken up by the brain through 

membrane transporter mediated mechanisms, such as through Mfsd2a, LPC symporter[99,101] and 

lysophospholipid transporter[78]. For protein-mediated transported across the BB several transport 

proteins are implicated to be involved, including FAT(CD36), FABP-5 and -7, and FATP-1 and -

4., and Mfsd2a[78,107]. 
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Figure 2. Transport of PUFAs from circulation into the brain.[78] 
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1.3.c. LCPUFAs in membrane phospholipids 

 n-6 and n-3 LCPUFAs are found throughout the body in cellular membrane 

phospholipids[91]. In cellular membranes, phospholipids are enriched in and provide a dynamic 

source of LCPUFAs that influences many functions, such as membrane lipid-protein interactions, 

continuous membrane turnover via PLA2 for bioactive lipid synthesis, and act as ligands for 

transcription factors in gene expression regulation[91]. LCPUFA incorporation into membrane 

phospholipids is very dependent on the diet. Animal studies have demonstrated that membranes 

are influences by changes in dietary intake of n-3 PUFAs. When n-3 PUFA supply is high, n-3 

PUFAs are preferably incorporated into membrane phospholipids compared to n-6 PUFAs[70]; 

however, this is not the case for n-6 PUFAs as incorporation into membrane is independent of 

diet.[70]  

 Within the brain, cellular membrane phospholipids undergo a continuous 

remodeling process of acylation and re-acylation reactions, known as the Lands’ cycle [78,108,109] 

(Figure 3). In the remodeling cycle, LCPUFAs are being incorporated into the sn-2 position of 

phospholipids and then released by PLA2 for LCPUFAs to be synthesized into bioactive lipids; 

LCPUFAs undergo β-oxidation; or LCPUFAs are re-incorporated into membrane phospholipids 

via the Lands’ cycle. The majority of the released non-esterified LCPUFAs from phospholipids 

are re-esterified into phospholipids, approximately 90%.[78] To be incorporated into phospholipids, 

acyl-CoA is added to the NEFAs by acyl-CoA synthetase (ASCL) and esterified in the sn-2 

position of a lysophospholipid by lysophospholipid acyltransferase (LPAT)[110]. When LCPUFAs 

are released from membrane phospholipids, PLA2 hydrolyzes the LCPUFA from the sn-2 position 

of the phospholipid to yield a NEFA and a lysophospholipid. In the brain, ARA is release by 

calcium-dependent cytosolic PLA2 (cPLA2) while DHA is released by calcium-independent PLA2 

(iPLA2). This active metabolism of LCPUFAs in Lands’ cycle remodeling in the brain is important 

for the distribution of LCPUFAs and ensures variation within classes phospholipids[78].  This 

continuous process also exemplifies the frequent LCPUFA turnover and remodeling in the brain. 

In rodent studies, dietary LCPUFA intake, especially deprivation of LCPUFAs, is involved in the 

regulation of enzymes involved in the phospholipid metabolism and the Lands’ cycle. The results 

of these studies show that low n-3 intake reduces iPLA2 expression and activity while low n-6 

PUFA intake has the opposite effect[111,112]. Because the expression and activity of PLA2 is altered 
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by dietary intake of LCPUFA, diet contributes to regulating LCPUFA release from the membrane 

and brain LCPUFA metabolism.  

 

Figure 3. Land’s Cycle of Remodeling Cellular Membrane Phospholipids Cycle.[110] 
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1.4. Incorporation of PUFAs in Neuronal Membranes and Neurodevelopment 

1.4.a. Animal models 

 Membrane phospholipids are important in neurodevelopment are they are required for 

cellular growth and functioning. The PUFA composition of the phospholipids incorporated into 

neuronal membranes is especially important in the determining the progression of development. 

The prenatal accumulation of brain fatty acids is thought to parallel important events in 

neurogenesis. Numerous animal studies have investigated changes in membrane composition of 

LCPUFAs during neurodevelopment and maturation of neurons. During neuronal growth, rodent 

studies have shown that neuronal growth cones have higher concentrations of ARA than DHA. 

However, DHA concentration increases rapidly in growth cone membranes prior to synaptogenesis 

and develop into mature synapses[113,114]. Changes in LCPUFA composition of membranes is 

involved in neurodevelopment, growth cone maturation and synaptogenesis[113].  The offspring of 

female rats fed ALA deficient diets during gestation led to low DHA and high n-6 DPA membrane 

concentrations in neuronal growth cones but did not affect the membranes of cell bodies. In a 

rodent study conducted by Bertrand et al. (2006), the embryonic rats whose mothers were fed n-3 

deficient diets had smaller brains with altered morphology and reduced neurogenesis[115]. Pregnant 

mice fed high n-6 to n-3 diets, matching the western diet, yielded impaired neurogenesis in the 

offspring. Even though the offspring were fed a balanced n-6 to n-3 diet upon birth, they displayed 

higher anxiety behaviors as adults.[115] This demonstrate a lasting effect of gestational diet on 

abnormal brain development[116]. 

 Without sufficient DHA concentration in the brain, neurotransmission and neuronal cell 

functioning is altered. Numerous rodent studies have demonstrated alterations to LC-PUFA 

metabolism with n-3 and n-6 deficient diets.  At birth, offspring of pregnant rats fed high n-6 PUFA 

diets, safflower oil diet, during gestation had significantly less DHA and higher ARA in 

phospholipids compared to the high DHA fish oil diet. Serotonin levels we also significantly higher 

in the high n-6 safflower oil diet. This is suggestive of maternal diet altering fetal growth cone 

membrane composition and neurotransmitters involved with neuritogenesis and 

synaptogenesis[117]. In a study conducted in gerbils, DHA supplementation increased the number 

of dendritic spines, which eventually form synapses in an adult hippocampus[74,118]. Additionally, 

there was a substantial increase in phospholipids and synaptic protein levels with DHA and EPA 
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supplementation[119]. High DHA perinatal diets in pregnant rats led to elevated pre- and post-

synaptic proteins and increased number of dendritic spines in the pups[120]. The offspring of female 

rats fed n-3 deficient diets, ALA deficient, prior to and during gestation had lower syntaxin and 

increased ternary SNARE complex expression, which are proteins involved in neurotransmission. 

This is suggestive of a disruption in neurotransmitter vesicle trafficking leading to altered 

neurotransmission[121]. Studies with infant male rats fed n-3 deficient diets, ALA, had decreased 

dopamine release, altered vesicular membrane properties and decreased vesicular dopamine 

storage in frontal cortical neurons[122]. Also, dopamine was significantly lower there is reduced 

expression of vesicular monoamine transporter2 in the frontal cortex and nucleus accumbens and 

altered D2 receptor expression in the mesolimbic and mesocortical dopaminergic pathways[123]. A 

disruption to the DHA membrane composition of a neuron, as demonstrated in studies with n-3 

deficient diets, causes dopamine vesicles to be redistributed in presynaptic terminals and decrease 

extracellular dopamine concentrations[124]. This disruption of dopaminergic neurotransmission in 

the frontal cortex is associated with hyperactivity[125] and impaired learning[126] in later life.  

1.4.b. Cell models 

 DHA has been repeatedly shown to be involved in neuronal differentiation, neuritogenesis, 

synaptogenesis, and neurotransmission. Several studies with embryonic neural stem cells from 

offspring of pregnant rats fed n-3 deficient diets during gestation had decreased neurite length[127] 

and reduced synaptogenesis[74,128]. In contrast, neuronal stem cells from embryonic rats whose 

mothers were fed n-3 supplemented diets during gestation had increased neurite length and 

branching[127], increased neurogenesis, and newly differentiated neurons were morphologically 

more mature[129]. Additionally, DHA supplementation significantly increased levels of synapsin, a 

neuron-specific synaptic membrane protein involved in synaptogenesis and synapse maturation, 

in comparison to ARA supplementation. Consistent with primary neuronal stem cell cultures from 

prenatal rats, studies conducted with PC12 cells show increased neurogenesis and neurite 

outgrowth with DHA supplementation[130–132]. PC12 cells have also shown that DHA 

supplementation led to faster differentiation of the neuronal stem cells, which is demonstrated 

through morphological changes in neurites and increased mRNA levels of markers of 

differentiation[131].  Even though n-3 PUFAs, especially DHA, are implicated with increased 
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neuritogenesis and neurogenesis, some studies have demonstrated similar effects by ARA. In 

differentiating neuroblastoma cells, the total n-6 PUFA, ARA, and DGLA incorporation into the 

membrane was increased during the 8-day incubation period; this modification to the phospholipid 

membrane PUFA composition was associated with neurite extension[133]. It has also been shown 

in other models of PC12 cells, hippocampal neurons and chick motor neurons that ARA enhances 

neurite outgrowth[134–136]. Another study in neural stem cells demonstrated that DHA and ARA 

combined yield enhanced induction of differentiation and a higher population of cells increased 

neurite length in neural stem cells than each PUFA alone[137]. From these studies, DHA has been 

consistently demonstrated to improve outcomes during neuronal differentiation while it is still 

unknown the effects of ARA on neurogenesis, neuritogenesis, and synaptogenesis. 

 n-3 PUFAs play a fundamental role in the functionality of developing neurons. The 

synthesis of neurotransmitters, vesicle formation and fusion, and storage are influence by the 

availability of n-3 PUFAs. In SH-SY5Y neuroblastoma cells, supplementation of DHA yields 

increased incorporation of DHA in membrane phospholipids compared to ARA[74,138]. Also, DHA 

enhanced vesicle mobilization and the release of noradrenaline in the SH-SY5Y cells[138]. In PC12 

cells, supplementation with n-6 PUFAs suppressed neurite outgrowth and decreased uptake of 

norepinephrine, but increased basal release[130].  In studies with postnatal rats, neural stems from 

1-day old pups from mothers fed deficient n-3 diets had slowed proliferation[139].  Also, pups of 

rats fed ALA deficient diets during gestation demonstrated impaired dopaminergic 

neurotransmission. This was demonstrated through decreased expression of tyrosine hydroxylase, 

vesicular monoamine transporter (VMAT-2), reduction of VMAT-associated pre-synaptic 

vesicles,[124,140,141] and increased dopamine receptors (DA), which is speculated to be a 

compensatory effect of decreased dopamine[141].  

 Omega-3 PUFAs also impact plasticity and cell survival, which can impact brain 

functioning in later life.[140,142–144]. In studies with SH-SY5Y cells, DHA and EPA are 

neuroprotective and increase cell viability[118,144–147]. DHA also increases dendritic spine density, 

which is suggestive of increased plasticity and long-term potentiation of neural 

connections[140,142,148]. The improved cell viability and plasticity with EPA and DHA 

supplementation has possible implications in neurodevelopmental and neurodegenerative 

diseases.[148,149]  
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1.5. PUFAs are Fundamental Nutrients in Neurodevelopment 

1.5.a. Omega-6 and omega-3 PUFAs are required for optimal health 

 Polyunsaturated fatty acids are dietary components that greatly contribute to health at all 

stages of life. For many decades, omega-3 PUFAs are predominantly attributed to improving 

health as well as aiding in the prevention and treatment of chronic diseases. Omega-3 PUFAs have 

long been implicated in a wide variety of chronic health conditions, including cardiovascular 

disease, coronary heart disease, inflammatory and immunologic diseases, obesity, diabetes, and 

neurological disorders[1,3]. Numerous studies have demonstrated that inadequate intake of omega-

3 fatty acids imparts adverse health consequences, such as increased risk of developing chronic 

diseases, impeded growth, and impaired neurological functioning[3,4,12–16]. In the US, our dietary 

pattern has been consistently low in omega-3 PUFAs while omega-6 PUFAs have steadily 

increased since the 1980s[4,15]. Similar to the effects of inadequate n-3 PUFAs in the diet, high 

consumption of n-6 PUFAs can have detrimental effects to health by contributing to the 

development and progression of many chronic diseases such as atherosclerosis, cardiovascular 

disease[1], and insulin resistance[4]. The negative health consequences associated with the Western 

dietary pattern should be a major concern for Americans as most adults fail to meet the dietary 

recommendations for n-3 PUFAs[32,33,61,65]. Pregnant and lactating women should be especially 

concerned about achieving adequate n-3 PUFA intake[59,63,65]. Many studies have demonstrated 

that omega-3 PUFA intake during pregnancy is associated with fetal outcomes[44] such as, length 

of gestation, birth weight[16,48,68], intrauterine restricted growth[55], perinatal mortality,  visual 

acuity,[15,68], neurodevelopment[2,15,45,47], and cognitive performance[57]. Maternal consumption of 

omega-3 PUFAs, especially EPA and DHA, is crucial to meet fetal and neonatal needs. 

 During the pre- and post-natal periods, the fetus and neonate require large amounts of 

PUFAs to support optimal growth and development. During the 3rd trimester and up to 2 years of 

age[47,70], the accretion rate of DHA and ARA is at its highest to support brain growth and neuronal 

maturation. Even though ARA and DHA are the predominant LCPUFAs in the brain and are both 

required for neuronal functioning[51,86,87,117], there is a greater focus on the essentiality of omega-3 

PUFAs in brain development. Several animal studies have provided evidence that low maternal n-

3 PUFA can lead to impaired neurological development. When maternal diets were deficient in n-

3 PUFA, the offspring had reduced neuronal connectivity[150,151], decreased plasticity[86], altered 
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neurotransmission[86,87,122,123,141,152–156], altered brain and neuronal morphology[157–161],and 

cognitive deficits[86,88,126,153–156,162–166]. Some studies have suggested that these altered neurological 

outcomes in the offspring can persist into adulthood[155], especially if the offspring consume a 

prolonged n-3 deficient diet[115]. 

 PUFAs are fundamental components in cellular membranes and the composition imparts 

functionality. Membrane PUFA composition is especially important in the brain because 

LCPUFAs comprise 20-25% of the total lipids[56]. LCPUFAs, primarily DHA and ARA, are the 

most abundant in neuronal membrane phospholipids to support proper neurotransmission. As 

neurons grow and mature, ARA and DHA are rapidly taken up by the brain and incorporated into 

the membrane phospholipids. Animal studies and cell models have both demonstrated that PUFA 

composition in neurons changes with development. During growth, neuronal membranes have a 

high concentration of ARA; however, the DHA concentration increases rapidly as neurons 

mature[113,133]. Both ARA and DHA are implicated to be involved in neurite outgrowth[133–136]. 

Several animal studies manipulated PUFA availability for neuronal development through n-3 

deficient diets in gestation. The offspring from mothers fed n-3 deficient diets had a higher 

concentration of n-6 PUFA in growth cones[113,117], altered brain morphology, impaired 

neurogenesis,[157] and altered neurotransmission[121,122,124]. Studies using neuronal cells 

supplemented with DHA, demonstrated enhanced neurite outgrowth[127], synaptogenesis[74,127,128], 

neurogenesis[129], and neurotransmission[138,148]. The results of the various animal and cellular 

models that manipulated the availability of n-6 and n-3 PUFAs for incorporation into neuronal 

membranes illustrate the developmental consequences of altering the membrane PUFA 

composition. 

1.5.b. The role of PUFAs in neurodevelopment is not well understood 

 The cruciality of adequate intake of omega-3 PUFAs for proper brain development is 

consistently supported across the literature. Numerous studies in both humans and animals have 

demonstrated that n-3 deficiency during gestation pose unfavorable neurodevelopmental effects in 

offspring, including cognitive deficits and a predisposition for psychopathologies[166,167]. Even 

though there is ample evidence that adequate intake of omega-3 PUFAs are required for offspring 

brain development, the role of PUFAs in brain development is unclear. Most notably, there is a 
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limited understanding of the role of the n-6:n-3 PUFA in neurodevelopment. Our understanding is 

currently constricted by contradictory results in all disciplinary facets of research from 

observational human studies to cellular models; thus, further investigation of the relationship 

between n-6:n-3 PUFA in neurodevelopment is required.  

 Currently, there is a lack of consensus on an optimal n-6:n-3 for neurodevelopment, the 

mechanism of action for individual PUFAs, and how the interaction between nutrients contribute 

to neurodevelopment. This discord has been attributed to several discrepancies throughout the 

literature. One of the biggest contributing issues is that the n-6:n-3 is used as a generalized measure 

that encompasses various combinations of PUFAs that could constitute the ratio[168]. The more 

commonly used comparisons of n-6 and n-3 PUFAs are LA/ALA[126,169] and DHA/ARA[170,171], 

while other studies use a combination of EFAs and LCPUFAs.  Methodological inconsistencies 

throughout the literature also contribute to the conflicting results pertaining to PUFAs and 

neurodevelopment. Most of the available human studies focused on the relationship between 

omega-3 PUFAs and brain development and use whole food sources for omega-3 PUFAs, such as 

fish, seafood, and plant oils. These PUFA sources are comprised of other nutrient constituents that 

aren’t considered. Therefore, this demonstrates a lack of consideration for the interplay between 

n-3 PUFAs and other nutrients, such as n-6 PUFAs, contributing to neurodevelopmental 

outcomes[172]. To overcome limitations in human studies, animal models have used varying n-6:n-

3 ratios in diets fed during gestation[169]. However, these studies often fail to keep the quantities of 

all PUFAs, SFAs, and MUFAs consistent across the different diets and utilize different sources, 

including oils, of the PUFAs for each diet[168]. Studies that alter the n-6:n-3 in diets often overlook 

the individual PUFAs that vary across diets and attention is on the total omega-3 and omega-6 

PUFAs. Individual PUFAs have unique biological and physiological functions and should be 

studied independently[173]. In vitro studies using neuronal cell cultures have been conducted in 

attempt to elucidate the role of individual PUFAs in neurodevelopment, but there many limitations 

in the available evidence.  Even though the cell studies controlled PUFA concentrations across 

treatments in comparison to human and animal studies, there are apparent methodological 

inconsistencies. Across the literature, the concentrations of PUFAs used in the treatment are in the 

medium range  from 0.1 µM to 200µM[174]. Also, the majority of the previously conducted studies 

utilize cells derived from rodents and use undifferentiated neural progenitor cells to investigate the 

impact of PUFA supplementation on neuronal morphology and function. Additionally, there is a 



 

 

36 

 

limited understanding of the underlying mechanism[175–177], since the proposed pathways vary 

widely, such as involvement of Hes-1[178]  or endocannabinoid signaling[175] in the differentiation 

process. Due to the inconsistencies across previously conducted studies, it is difficult to compare 

results and provide conclusive evidence on the role of the n-6:n-3 ratio in neurodevelopment. 

 The role of omega-6 PUFAs in conjunction with omega-3s in neurodevelopment is not well 

understood and requires further investigation. In cellular models, there are gaps in knowledge on 

how PUFAs impact the differentiation of progenitor neural cells to mature neurons. To address 

these gaps in the literature about PUFAs, n-6:n-3, and neuronal development, my research utilizes 

SH-SY5Y human neuroblastoma cells that are supplemented with individual PUFAs to assess 

membrane phospholipid composition and morphology throughout the differentiation process. By 

using the SH-SY5Y cell line, this increases the translational potential since these cells are human-

derived; whereas most of the literature utilizes rodent-derived cells. The previous studies primarily 

utilize undifferentiated cells to study PUFA membrane composition alterations and functional 

outcomes, but this does not reflect the neuronal maturation process in development. To provide 

better insight into the impact of PUFAs on morphological changes that occur during maturation, 

my research project uses SH-SY5Y cells undergoing differentiation in conjunction to PUFA 

supplementation. Also, to overcome methodological inconsistencies, my research explicitly 

defines the constituents of n-6:n-3 and utilizes this ratio in the analysis of the membrane PUFA 

composition and morphology. Overall, the goal of my research project is to elucidate how 

individual PUFAs affect membrane composition, the membrane n-6:n-3, and morphology during 

neuronal differentiation. 
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CHAPTER 2. EFFECT OF PUFA SUPPLEMENTATION ON 

MEMBRANE COMPOSITION AND CELL MORPHOLOGY IN SH-SY5Y 

CELLS 

2.1. Introduction 

 The extent of development in the brain during gestation is an important determinant of the 

trajectory of neurocognitive functioning in a child. Starting with the third trimester of pregnancy 

until approximately three years of life, the brain undergoes a period of enormous developmental 

changes in structure and functionality. During this time, the brain is sensitive to environmental 

factors, such as nutritional deficiencies, that can adversely affect essential neurological structural 

components and functions[1]; thus, impacting fetal brain development[2]. It has been proposed that 

the effects of inadequate nutrition during gestation can persist into adulthood[3]; Some of the long-

term health problems that can result from suboptimal brain development include neurological 

diseases such as Alzheimer’s disease[4]; learning disabilities such as dyslexia, autism[5,6], and 

ADHD[4]; psychiatric disorders such as schizophrenia[4]; and other chronic diseases[7,8]. This 

sensitive period in utero is when the fetal brain is most rapidly developing; thus, it is an important 

time in gestation to optimize fetal brain growth and development by ensuring proper nutrition. 

 Polyunsaturated fatty acids (PUFAs) are one of the nutrients that has a substantial impact 

on fetal neurodevelopment. Polyunsaturated fatty acids (PUFAs) are essential components of the 

brain, constituting 35% of the dry weight[9], and omega-6 and omega-3 PUFAs are found in 

abundance in neuronal membrane phospholipids imparting structure and function required in 

numerous neurological processes. In the third trimester, the brain has a higher susceptibility of 

being negatively impacted by deficiency in PUFAs, which can be attributed to the high accretion 

rate of PUFAs, specifically ARA and DHA, into the brain[10–13]. The large accumulation of PUFAs 

in the brain greatly contributes to the accelerated growth and functionality by supporting the 

growth of developing neurons.  At birth, the brain is at nearly its full size, approximately 80% of 

the size of the adult brain, and has the largest number of neurons than any other stage of life to 

ensure optimal connectivity[14]. The accumulation of PUFAs in the fetal brain in utero is primarily 

regulated by maternal PUFA status and placental transport[15]. The adequacy of maternal dietary 

consumption of PUFAs contributes to PUFA status to allow for sufficient availability of PUFAs 
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to be transported to the fetus. Adequate intake of omega-3 PUFAs is of concern in the US as most 

pregnant and lactating women fall short of the dietary recommendations[16–19]. If maternal 

consumption of PUFAs is inadequate, this can affect the accumulation and incorporation of  

PUFAs into the brain; thus, adequacy of maternal PUFA intake is a key component for proper fetal 

brain growth and development. 

 Overall, it is largely agreed upon that adequate n-3 PUFAs, especially DHA, intake is 

essential for proper neurodevelopment[20–22]. Inadequate intake of omega-3 PUFAs during 

gestation has strong implications on adverse outcomes such as premature birth, shorter duration of 

gestation, low birth weight, perinatal death[15], impaired visual[23], and neurological 

development[24,25], and increased risk of chronic diseases in later life[24,26,27]. The results of 

numerous observational studies on fish consumption in pregnant women show an association 

between low seafood consumption and suboptimal neurodevelopmental outcomes in verbal and 

performance IQ, behavior, fine motor skills, social skills, and communication skills[28,29]. In 

support, several rodent studies have provided evidence that maternal n-3 PUFA deficiency can 

lead to cognitive deficits affecting learning, memory, emotion, behavior, and olfactory senses[30] 

in offspring[31–40]. It has been suggested that impairments resulting from inadequate maternal n-3 

intake during gestation may persist into adulthood[8,41], even if offspring are supplemented with n-

3 PUFAs postnatally[15,36]. Recently, there has been increasing emphasis on the importance of 

balancing the n-6:n-3 ratio in the diet, due to the competitive nature of omega-6 and omega-3 for 

utilization of the same enzymes to be incorporated into phospholipids and be converted to their 

subsequent LCPUFA products. Several studies have suggested the essentiality of a balanced n-

6:n-3 ratio for neurodevelopment; in rodent studies, offspring from highly unbalanced n-6:n-3 ratio 

maternal diets during gestation exhibited impaired memory, abnormal social activity and 

emotional reactivity[39], learning impairments[42], reduced locomotion[43], and anxious 

behavior[8,30]. Even though the focus of dietary recommendations is to increase the consumption 

of omega-3 PUFAs, adequate intake of omega-6 is also essential during pregnancy for optimal 

fetal neurodevelopment. 

 Despite the widely accepted implications for PUFAs involvement in neurodevelopment, 

the cellular and molecular mechanism of how PUFAs affect brain development is not well 

understood. One consistent finding across the literature is that alterations to the availability of 

omega-6 and omega-3 PUFAs is reflected in the PUFA composition of neuronal membrane 
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phospholipids.  Omega-6 and omega-3 PUFAs are found in abundance in neuronal membrane 

phospholipids imparting structure and function[44–46]. The incorporation of both n-6 and n-3 PUFAs 

into neuronal membrane has been shown to be involved in the various processes of neuronal 

growth and development[12,25,47,48]. The role that the individual PUFAs serve in the growth and 

developmental processes remains unclear. Rodent studies have yielded that inadequate n-3 PUFAs 

have adverse effects on offspring brain development, such as smaller brain size[49] , smaller neuron 

size[50–52], altered brain[49,53]  and neuronal morphology[50,54,55],  decreased neuron 

proliferation[49,56], decreased neuronal connectivity[57,58], and altered neurotransmission[8,36,41,59–64]. 

Several cell culture studies have demonstrated that the high concentration of membrane ARA is 

associated with increased neurite elongation[65–69]. However, other studies have shown that ARA 

impairs neurite extension[70–72]; as well as suggest that ARA is needed in combination with DHA 

for neurite outgrowth[73]. Also, there is inconsistent evidence as to whether ARA enhances or 

impairs neurogenesis[49,74] and neurotransmission[15,49,60–62,75,76] and synaptogenesis[77,78]. With the 

inconsistent results of the involvement of ARA, other studies have proposed that the presence of 

a higher concentration of DHA is necessary for neuronal growth and development. In studies with 

cells supplemented with DHA resulted in enhanced neuritogenesis[71], synaptogenesis[71,77,78], and 

neurotransmission[79,80]. Many studies have provided evidence that DHA is important for the 

maturation of neurons[72,73] as the membrane composition shifts to have a high proportion of DHA 

than ARA in the neuronal membrane[65,66]. Overall, the literature supports DHA plays an important 

role in neuronal growth and development, whereas the role of ARA is undetermined.  

 Despite the numerous studies that attempt address the role of PUFAs in neuronal 

development, there are many limitations and several methodological discrepancies that could 

potentially be attributed to overwhelmingly inconsistent results. Across the literature, there is a 

lack of consistency in the sources of dietary PUFAs used, the various types of PUFAs in the diet 

composition, and the amount of fatty acids in the diet. The various human studies that have looked 

at omega-3 fatty acids in association with neurodevelopmental outcomes in offspring did not 

account for variations in the diet, whole food sources of PUFAs and the consequential differences 

in lipid composition in the diet. Similarly, animal studies have utilized different sources for PUFAs 

that often contain a variety of other fatty acids and fatty acid concentrations in the diets were 

inconsistent across treatment groups[42,43,54,81–84]. The presence of other fatty acids in the PUFA 

sources and the variation in the fatty acid composition of the diet has the potential to be 
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confounding. In comparison to human and animal studies, cell culture studies have controlled for 

consistent PUFA concentrations across treatment groups, but there are inconsistent concentrations 

of PUFAs used for supplementation between studies; the concentrations utilized in the current 

research range from 0.1 to 200 µM[85]. Additionally, cell culture studies have utilized primary 

rodent cultures collected from embryos at different times in the embryonic period and most studies 

have used undifferentiated cells, which does not simulate the developmental process. Lastly, the 

proposed mechanisms of how PUFAs impact neuronal development are disparate[40,86–88], making 

the underlying cellular and molecular pathway more unclear. Contributing to the limited 

knowledge of the roles of PUFAs in neurodevelopment, very few studies in the current literature 

have taken into consideration the opposing roles of omega-6 and omega-3 PUFAs in the body. The 

studies that are currently available have varying definitions of which PUFAs constitute the omega-

6 to omega-3 ratio[39,42,81]; some studies solely focus on LA and ALA while other studies use a 

combination of EFAs and LCPUFAs, making the results difficult to compare. Due to these 

limitations, the role of PUFAs in neurodevelopment remains unclear and the current research 

should be cautiously interpreted.  

 Further research needs to be conducted to provide a better understanding of PUFAs and 

the n-6:n-3 PUFA ratio in neuronal development. As it stands, there is not enough evidence to 

elucidate how PUFAs affect brain development; utilizing clearly defined methods and confronting 

the discrepancies in the current literature can help to progress our knowledge of the mechanism of 

PUFAs in neurodevelopment. This study aims to address some of the inconsistencies and 

methodological limitations in the current literature, such as clearly defining the n-6:n-3 ratio and 

using differentiated human neuroblastoma cells. The individual roles of  ALA, ARA, and EPA 

were investigated to determine the impact on neuronal membrane composition, membrane n-6:n-

3 ratio, and morphology during neuronal differentiation. The human neuroblastoma cell line, SH-

SY5Y, is utilized to model the process of development as the cells are induced to undergo the 

process of differentiation from neural progenitor cells into mature neuronal-like cells. The purpose 

of this study was to examine the impact of individual PUFAs on the n-6:n-3 ratio of membrane 

phospholipids and neuritogenesis in SH-SY5Y human neuroblastoma cells during neuronal 

development. 
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2.2. Methods 

2.2.a. Materials 

 SH-SY5Y cells purchased from ATCC (Manassas, VA). Gibco 45% glucose, TrypLE – 

Express (trypsin), Dulbecco’s Modified Medium (DMEM), Ham’s F12 Medium, penicillin-

streptomycin, and fetal bovine serum (FBS), Pierce BCA protein assay (Rockford, IL), and cell 

culture plates and flasks were purchased for Fisher Scientific (Waltham, MA). MTT (3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) was purchased from Cayman chemical. 

Fatty acid-free bovine serum albumin (BSA), and retinoic acid  were purchased from Sigma-

Aldrich (St. Louis, MO). The ALA, ARA, and EPA fatty acid sodium salts (>99.999%) were 

purchased from Nu-Chek Prep (Elysian, MN). 

2.2.b. Cell culture 

 SH-SY5Y cells were cultured in growth media (DMEM, 1% penicillin-streptomycin, 8 

mM glucose, and 10% FBS) at 37°C with 5% CO2 for 24 hours to allow for cell adherence. The 

cells were plated in 75cm2 flasks, 12-well plates, and 24-well plates at seeding densities of 2 x 106, 

0.16 x 106, and 0.08 x 106, respectively. The total volume of media in each type of culture container 

was 20 mL,  1 mL/well, and 500 µL/well, respectively. After allowing for adherence, the growth 

media was aspirated and replaced with differentiating media (1:1 DMEM to Ham’s F12, 8mM 

glucose, 1% FBS, and 10µM retinoic acid) supplemented with 70µM of fatty acid conjugated to 

BSA. The cells were incubated for 5 days for the cells to adequately differentiate into the neuronal 

phenotype. The differentiating media was not replaced during the 5-day incubation period. 

 To harvest the cells from the 75cm2 flasks , the differentiating media was removed, and 10 

mL of trypsin was added for cell detachment from the flask. An equal volume of differentiating 

media (without the 10µM retinoic acid) was added to neutralize the trypsin and the flask contents 

were transferred to a 50mL conical tube for centrifugation at 1400rpm at 5°C for 10 minutes to 

form a cell pellet. The liquid was aspirated from the tube, leaving the cell pellet. The cell pellet 

was broken up and resuspended in PBS warmed to 37°C, serving as a rinse. The PBS cell 

suspension was transferred into a 1.5mL microcentrifuge tube and was centrifuged for 10 minutes 

at 1400rpm. The PBS was removed, and the cell pellet was resuspended in warmed PBS to rinse 
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the cells. A sample of 100µM was taken from each microcentrifuge tube to be used for the BCA 

protein assay (Pierce, Rockford, IL) and stored at -20°C. The cells were centrifuged again for 10 

minutes at 1400rpm. The PBS was removed, and the cells were resuspended in 200µL of ddH2O. 

The cell suspensions were stored short-term at -20°C. 

2.2.b.i. PUFA Stock Solution (20mM) 

 To dissolve the FA sodium salts, 1mL of methanol was added to the ampule. The solution 

was transferred to a pre-weighed glass, screw cap culture tube and dried with nitrogen. Once dried, 

the culture tube was weighed to determine the appropriate amount of ddH2O to make a 20uM fatty 

acid solution, and warmed to 70°C. To prepare the FA stock solution for addition to the cell culture 

medium, the solution was sterile filtered, aliquoted into 1mL sterilized, plastic microcentrifuge 

tubes. The tubes were sealed with parafilm and stored at -20°C. 

 The 20mM FA stock solutions were analyzed using Gas Chromatography (GC) to confirm 

the presence of and purity of the corresponding FA. A modified version of the fatty acid analysis 

procedure was performed with FA stock solutions to form FA methyl esters for GC analysis. To 

start, 20 µL of the FA stock solution was combined with 10 µL of concentrated HCl and 175 µL 

ddH2O in a glass, screw cap culture tube. The solution was vortex to thoroughly mix. Then, 3 mL 

of ethyl acetate was added to the culture tube and vortexed to combine. The solution was 

centrifuged for 5 minutes at 1400 rpm. The top ethyl acetate layer was transferred to a new culture 

tube and dried using nitrogen. Once dried, the fatty acid analysis procedure was followed 

beginning at the addition of  Boron Trifluoride (BF3). 

2.2.b.ii. Fatty acid supplemented culture medium 

 To prepare the FA supplemented differentiating media, an aliquoted microcentrifuge tube 

of the 20mM FA stock solutions and 20% fatty acid-free BSA in PBS solution were warmed in a 

37°C water bath for approximately 15 minutes. In a sterile, 1.5mL microcentrifuge tube, 250 µL 

of the warmed 20 mM FA stock solution and 750 µL of the 20% BSA in PBS solution were added 

and mixed using a micropipette to yield a 5mM FA-BSA conjugate solution. The 5mM FA-BSA 

conjugate solution was added to differentiating media to achieve a concentration of 70 µM of the 

FA.  
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2.2.c. Fatty acid analysis 

 The harvested SH-SY5Y cell pellets were prepared for GC analysis using a modified 

version of the previously reported methods[89–91] to prepare fatty acid methyl esters. In brief, the 

defrosted cell pellet suspended in 200µl of ddH2O was combined with a 2:1 chloroform to 

methanol with 0.001% BHT solution. The solution was centrifuged until there was clear separation 

of the organic and inorganic layers. The lower organic phase was transferred to a culture tube. This 

process was three times to maximize the lipid extraction from the cells. The samples were dried 

using nitrogen. Then, 2N KOH in MeOH was added and the samples were heated at 100°C for 5 

minutes. Once cooled, BF3 was added and heated at 100°C for 5 minutes. The samples were 

allowed to cool and then were combined with hexane and saturated NaCl. The samples were 

centrifuged until there was clear separation of layers. The top hexane layer was transferred to a 

2ml glass screw cap GC vial. The resulting fatty acid methyl ester samples were analyzed using a 

Varian 3900 GC with a fused silica capillary column and flame ionization detector.  

 The standards PUFA3 and Supelco37, with known PUFA composition, were analyzed with 

GC to identify the retention time that corresponds to each FA. The analyzed samples were 

compared to the standards to identify the FAs present in each sample. The fatty acid composition 

was normalized to the percentage of the total fatty acids (mol) in the sample and expressed as the 

percentage of the total mols (mol%). 

2.2.d. Cell viability 

2.2.d.i. MTT analysis 

 The relative cell viability was determined using an MTT assay that is previously described 

by Mosmann (1983).[92] SH-SY5Y cells were cultured in a 24-well plate per treatment group and 

incubated with the FA treatment for 5 days. On the last day of incubation, 5mg/mL MTT in PBS 

solution was added to each well to achieve a concentration of 0.5mg/mL. The cells were incubated 

with the MTT for 1.5 hours at 37C and 5% CO2. The media was removed using a micropipette to 

avoid the removal of the resulting  dark purple formazan crystals. Then, 300µL of DMSO was 

added to each well and placed on a microplate shaker to dissolve the crystals. The plates were 

incubated for approximately 12 hours until the crystals dissolved completely. Half of the well 
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volume was transferred to a 96-well plate and the absorbance was measured with a 

spectrophotometer (Bio-Tek Powerwave X200; Winooski, VT) at a wavelength of 570nm. 

2.2.d.ii. BCA protein assay 

 Using the BCA Assay Kit (Pierce, Rockford, IL), cell viability was also estimated using a 

colorimetric-based assay. In short, the 100µL sample of cells suspended in PBS taken during the 

harvesting process were prepared in accordance with the instructions provided in the assay kit. In 

a 96-well plate, 25µL of the cell pellet was combined with the assay reagents and incubated at 

37°C for 30 minutes. The absorbance was measured using the Bio-Tek Powerwave X200 

(Winooski, VT) spectrophotometer at a wavelength of 590nm. The protein concentration was 

determined by comparing the absorbance of the samples to the BSA standard concentrations. 

Protein concentration was used as an indicator of cell viability in conjunction with the MTT assay. 

2.2.e. SH-SY5Y morphological analysis 

 To document cell morphology during the differentiation process the cells were 

photographed throughout the FA treatment period. Once the differentiating media was added, 

photographs were taken of the cells daily for 5 days until the cells were harvested. The photographs 

were taken at the same location of the flasks over the course of the 5-day FA treatment period. 

Using phase-contrast microscopy, an inverted microscope, Zeiss Axio Vert. A1 (Oberkochem, 

Germany), with the Zeiss AxioCam ICm1 camera and Zeiss Zen2 imaging software was used to 

take the images. The cells were photographed at a 10x magnification with a 32.02 ms exposure 

time. The images were 1388 x 1038 pixels and analyzed with the NIH ImageJ software with the 

ImageScience NeuronJ plugin. After identifying the areas of the imaged field of view consistent 

across all 5 days for each flask, 10 neurons were selected for analysis. Neurons were selected based 

on defined criteria: neurite length must be a minimum the width of the cell body; the neurites 

originate from a single cell body with a clear end point; and neurites were not in a clustering of 

cells. The neurites were traced to determine the number of neurites per cell body. 
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2.2.f. Statistical analysis 

 To determine the treatment effect  on fatty acid composition and cell morphology, one-way 

analysis of variance (ANOVA) was used. The results from the ANOVA test were further assessed 

using the Tukey HSD multiple comparisons of means test.  The results with a p>0.05 are 

considered statistically significant. All statistical analysis was performed using SAS Statistics 

Software (Cary, NC). 

2.3. Results 

2.3.a. Membrane PUFA composition 

 To determine the impact of supplementing individual fatty acid treatments on the 

membrane PUFA composition, GC was used to analyze the fatty acids present in the SH-SY5Y 

phospholipids. The results for select fatty acids, expressed as (mol%), are shown in Figure 4-5. 

For all treatments and the BSA control there was no significant difference in LA. As expected, 

ALA treatment led to a significantly higher membrane proportion of ALA versus the other three 

treatments. Membrane arachidonic acid proportions were significantly higher with ARA treatment 

in comparison to ALA treatment, but not so in comparison to the EPA treatment or BSA control. 

The membrane EPA proportion was significantly higher in the EPA treatment, as anticipated, 

compared to BSA control, ALA, and ARA. Additionally, the EPA proportion was high with the 

ALA treatment in comparison with the BSA control and ARA treatment. Both the ALA and EPA 

treatments had significantly higher mean proportions of n-3 DPA (docosapentaenoic acid) 

compared to the BSA control; however, the ALA treatment was not significantly different from 

the ARA treatment. Lastly, the BSA control had a significantly higher mean proportion of DHA 

compared to the ARA treatment.  

2.3.b. The n-6:n-3 ratio 

 To assess the effects of PUFA supplementation on the n-6:n-3 ratio, the mean proportions 

of PUFAs were totaled based on their n-6 and n-3 classification. The total mean n-6 PUFA  

proportion for each treatment was determined by summing the following: 18:2n6, 18:3n6, 20:3n6, 

20:4n6; and 22:5n6. To determine the total mean n-3 PUFA proportion for each treatment, the 
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following PUFAs were summed: 18:3n3, 20:5n3, 22:5n3, and 22:6n3. To determine the total 

PUFA proportion, the total n-6 PUFA and total n-3 PUFA were summed to get the total mean 

PUFA proportion per treatment. The n-6:n-3 ratio was determined using the totals for the mean n-

6 and n-3 PUFAs proportions.  

 The total PUFA, total n-6 PUFA, total n-3 PUFA, and the n-6:n-3 ratio across treatment 

groups are shown in Figure 6. There was no significant difference for total PUFA among treatment 

groups. As expected, ALA and EPA had significantly higher n-3 mean PUFA proportions than 

BSA and ARA treatments; EPA had a significantly higher mean proportion of n-3 PUFA than the 

ALA treatment. As for the mean n-6 PUFA proportion, the ARA treatment had a significantly 

higher proportion compared to the ALA treatment, but there was no difference with BSA and EPA 

treatments. For the n-6:n-3 ratio, the ARA treatment had a significantly higher n-6:n-3 ratio 

compared to all treatments. Both ALA and EPA had significantly lower n-6:n-3 ratios than the 

BSA control, but there was no significant difference between ALA and EPA treatments. 
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Figure 4. Effect of PUFA supplementation on mean n-6 PUFA proportions in phospholipids of SH-SY5Y 

cells. SH-SY5Y cells were supplemented with 70µM of ALA, ARA, or EPA during the differentiation 

process to the neuronal phenotype. Phospholipid fatty acid proportions were determined using GC analysis 

of fatty acid methyl esters. Proportions are expressed as mol%. The data were analyzed using one-way 

ANOVA with Tukey’s HSD post-hoc analysis. The letters indicate a significant different (p<0.05) between 

treatments. Bars that share the same letter are not significantly different. 
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Figure 5. Effect of PUFA supplementation on mean n-3 PUFA proportions in phospholipids of SH-SY5Y cells. SH-SY5Y cells were supplemented 

with 70µM of ALA, ARA, or EPA during the differentiation process to the neuronal phenotype. Fatty acid proportions were determined using GC 

analysis of fatty acid methyl esters. Proportions are expressed as mol%. The data were analyzed using one-way ANOVA with Tukey’s HSD post-

hoc analysis. The letters indicate a significant different (p<0.05) between treatments. Bars that share the same letter are not significantly different. 
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Figure 6. Omega-3 PUFA (70µM) supplementation increases total n-3 PUFA proportion and decreases the n-6:n-3 ratio in phospholipid composition. 

Differentiated SH-SY5Y cells were treated with 70µM of ALA, ARA, or EPA upon initiation of the differentiation process for 5 days. The mean 

FA proportions (mol%) were summed to determine the total PUFA, total n-6 PUFA, total n-3 PUFA, and the n-6:n-3 ratio. The data were analyzed 

using one-way ANOVA with Tukey’s HSD Test post-hoc analysis. The letters indicate a significant different (p<0.05) between treatments. Bars that 

share the same letter are not significantly different. 
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2.3.d. SH-SY5Y morphology during differentiation 

 To assess the impact of PUFA supplementation on the morphology of SH-SY5Y cells 

during the differentiation from progenitor to neuronal phenotype (Figure 7), the neurite number 

was measured each day of the PUFA treatment. The neurite number during the 5-day 

differentiation for each treatment is shown in Figure 8. The number of neurites for 10 selected 

cells per sample were counted each day of the PUFA treatment incubation from the captured 

images. The mean number of neurites per treatment was used for comparison. There was no 

significant difference between groups within each day of the treatment. However, there was a trend  

for the number of neurites to increase each day for all treatments (p<0.05). 

 

 

 

 

 

Figure 7. Morphological changes in differentiated SH-SY5Y cells. BSA control treated SH-SY5Y cells 

were incubated for 5 days with 10µM of retinoic acid to induce differentiation from progenitor cells into a 

neuronal phenotype. 
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Figure 8. Number of neurites during each day of PUFA treatment. SH-SY5Y cells were supplemented with 

70µM PUFA during a differentiation period of 5 days.  The number of neurites per 10 selected cells was 

determined for each day of the treatment. The data were analyzed using one-way ANOVA with Tukey’s 

HSD Test post-hoc analysis. The letters indicate a significant difference (p<0.05) between treatments. Bars 

that share the same letter are not significantly different. 

 

2.3.e. The effect of PUFA supplementation on cell viability 

 To determine whether the PUFA supplementation impacted cell viability an MTT assay 

and BCA assay were performed. The results of the MTT and BCA assay analysis are shown in 

Figure 9. When the cells were treated with ALA and EPA there was no significant difference in 

the cell viability compared to the BSA control. When the cells were treated with ARA, there was 

a significant (p<0.05) reduction in cell viability compared to ALA treatment and BSA control 

groups. There was no significant difference between EPA and ARA treatment on cell viability. 

Even though there wasn’t significant difference between EPA treatment and the ALA and BSA 

treatments, the cell viability with the EPA treatment appears to be slightly lower in comparison. 
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Figure 9. Decreased cell viability with ARA supplementation. SH-SY5Y cells were treated with 70µM of 

ALA, ARA, or EPA as the cells underwent differentiation for 5 days. The data were analyzed using one-

way ANOVA with Tukey’s HSD Test post-hoc analysis. The letters indicate a significant difference 

(p<0.05) between treatments. Bars that share the same letter are not significantly different. 
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2.4. Discussion 

 PUFAs are instrumental in brain development and consequentially deficiency has been 

shown to impair cognitive functions, such as learning, memory, and planning.  It has been 

suggested that the availability of PUFAs alters the neuronal membrane composition, elongation, 

neuritogenesis, synaptogenesis, and neurotransmission. However, the current literature is riddled 

with inconsistencies in methodology, such as the use of undifferentiated cells, and a high 

variability in FA diet compositions across studies. Additionally, very few studies have accounted 

for the competitive relationship of n-6 and n-3 PUFAs when assessing neuronal development; this 

has further contributed to the lack of consensus on the role of PUFAs seen in the literature. Overall, 

the mechanism of the role of PUFAs in neuronal and brain development needs further elucidation. 

The goal of this study was to investigate how PUFA supplementation affects membrane PUFA 

composition, the n-6:n-3 ratio of membrane PUFAs, and morphology during neuronal 

development. Human neuroblastoma cells, SH-SY5Y, were utilized for their ability to differentiate 

from a progenitor to a neuronal-type cells to simulate the process of neuronal development.  

 Many previous studies have consistently shown that supplementing individual PUFAs 

resulted in alterations to the PUFAs composition of membrane phospholipids. These findings 

suggest that the availability of PUFAs is reflected in the membrane composition, thus higher 

availability infers increased membrane incorporation. Despite the agreement, the utilization of 

undifferentiated cell models in most of these studies needs to be considered; the relevance of these 

results to the differentiating process is questionable since undifferentiated cells are highly 

proliferative while the rate of proliferation significantly decreases upon differentiation. More 

recent studies that have used differentiated primary embryonic rat cell cultures and PC12 cell have 

supported the previous finding of altered membrane composition following PUFA 

supplementation. However, the use of rodent-derived cells has limited translational application to 

humans. Additionally, many of the primary cell cultures were taken from rodent embryos subjected 

to n-3 deficient maternal diets in gestation that lack consistent, controlled the amounts of PUFAs. 

These limitations make it difficult to interpret the current evidence to determine if the availability 

of PUFAs alters membrane composition to the extent as proliferative, undifferentiated cells. In the 

present study, we have demonstrated that PUFA supplementation alters the PUFA membrane 

composition and the changes reflect the supplemented  PUFA and its n-6 or n-3 classification 
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(Figure 4-5). These results are in accordance with previous studies and support that the availability 

of PUFAs imparts alterations to membrane PUFA composition in differentiated neuronal cells.  

 Previous studies have focused on varying the availability of n-3 PUFAs, whether 

individually or in combinations, on membrane composition. The n-3 PUFAs used in the literature 

are highly variable as the definition of what constitutes ‘n-3 PUFAs’ in these studies is poorly 

outlined.  Also, the concentration of each n-3 PUFA is inconsistent and is often not controlled 

across treatment groups within studies. In this study, ALA, ARA, and EPA were individually 

supplemented during the differentiation of  SH-SY5Y cells. The results of this study suggest that 

the supplementation of the single PUFA does affect the phospholipid fatty acid proportion of that 

PUFA as well as other PUFAs present in the cell membrane. The cells supplemented with ALA 

had a significantly higher ALA mean proportion compared to all treatment (Figure 5), but also had 

significantly higher EPA and n-3 DPA mean proportions compared to BSA (Figure 5). The mean 

proportion of ARA was significantly higher in the ARA treatment compared to ALA, but there 

wasn’t a significant difference among  BSA control, and treatments with EPA and ALA (Figure 

4). This result suggests that increasing the availability of the n-3 PUFAs, ALA and EPA, may 

decrease the ARA membrane proportion compared to the control. Conversely, ARA 

supplementation significantly decreased the mean proportion of DHA in comparison to the BSA 

control (Figure 5), suggesting that increased availability of ARA displaces the membrane DHA 

proportion to compensate. The results from assessing the FA composition of the membrane suggest 

that increased availability of individual PUFAs alter membrane composition not only increasing 

the proportion of that PUFA but also impacts the other PUFAs. 

 There is significantly more attention placed on n-3 PUFAs than n-6 PUFAs, and even less 

on the relationship between the two. It is important to consider the competitive relationship 

between n-6 and n-3 PUFAs as they use the same enzymes for conversion to longer chain PUFAs 

and incorporation in cellular membranes, as well as use the same transport mechanism across the 

BBB[96]. The availability of n-6 and n-3 PUFAs are an important determinant in their uptake and 

utilization by cells. Currently, very few studies have assessed the impact of n-3 PUFAs in 

conjunction with n-6 PUFAs[96]. Additionally, the n-6:n-3 ratio is ill-defined across these studies 

as well as the n-6 and n-3 PUFA ratio used vary widely. This study addresses this discrepancy in 

the literature by clearly defining the PUFAs that compose the n-6:n-3 ratio, how the n-6:n-3 ratio 

was determined, and analyzes the effect that individual PUFA supplementation has on the 
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membrane n-6:n-3 ratio. As shown in Figure 6, supplementation of individual PUFAs significantly 

changes the membrane n-6:n-3 ratio. Both ALA and EPA treatments resulted in significant 

reductions in the n-6:n-3 ratio in comparison the BSA, but there was no significant difference 

between ALA and EPA treatments. Conversely, ARA treatment resulted in a significant increase 

in the membrane n-6:n-3 ratio compared to BSA.  

 It has been proposed that PUFAs affect the neuritogenesis, neurite elongation, and 

synaptogenesis. Many studies have demonstrated that ARA plays a role in neuritogenesis and the 

initial neurite elongation process.[65,67–69]  In contrast, few studies have demonstrated that ARA 

does not affect neurite number and length of neuronal cells[70]. In this study, we assessed the 

number of neurites per cell body of 10 selected cells, based on the criteria discussed in the methods 

section, for each day of treatment. There was no significant difference between the treatment 

groups each day, however, all treatment groups followed a trend of increasing number of neurites 

from the first to the last day of treatment (Figure 8). The results from this study support prior 

research that has suggests that ARA has no impact on the neurite number.  

 Lastly, in this study we assessed whether the concentration of the PUFA supplementation 

impacted cell viability. It was observed that the only treatment that affected cell viability was the 

ARA treatment, which significantly decreased cell viability compared to the other groups (Figure 

9). There were no significant differences among ALA, EPA, and BSA treatment groups on cell 

viability. The detrimental effects of a high media concentration of ARA were expected as 

prolonged exposure to high levels of ARA can impair cell survival through the induction of 

apoptosis, which has been associated with increased oxidative stress[76,93]. Additionally, studies 

have shown that ARA can be cytotoxic to many cell lines at concentrations of 50 – 100 µM [76,93]. 

Studies conducted with hippocampal and spinal cord neurons have shown that ARA can induce 

oxidative stress and decrease cell viability[94]. These results contradict some of the previous studies 

that have found that ARA supplementation did not impact cell viability[65,73]. The results may vary 

due to the difference in concentrations of ARA supplemented between our study and the previous 

studies.  

2.5. Conclusion 

 The current literature evidence about the role of PUFAs in neuronal development is 

inadequate to provide enough support and insight into a clear mechanism. This uncertainty can be 
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attributed to the vast inconsistencies across studies regarding methods such as diet composition 

and the use of undifferentiated cell models. Additionally, the definition of what constitutes ‘n-6 

PUFAs’ and ‘n-3 PUFAs’ in these studies ranges in the number of PUFAs included. With some 

studies focusing on single fatty acids while others focusing on different combinations of PUFAs, 

these discrepancies provide more uncertainty about the current evidence. To better understand the 

mechanism of action, it is imperative to first understand the roles of individual PUFAs. Also, it is 

necessary to account for the complex physiological interactions of n-6 and n-3 PUFAs in the 

determination of the mechanism of each PUFA in neuronal development. The lack of consideration 

for the relationship dynamics between n-6 and n-3 limits the translational capacity of the current 

research. In this study, we have attempted to address some of these issues. 

 The results of this study have shown that supplementation of individual PUFAs alter 

neuronal membrane PUFA composition and the membrane n-6:n-3 ratio in SH-SY5Y cells. 

Additionally, ARA supplementation at 70µM does have adverse effects on cell viability, while 

supplementation with ALA and EPA had no impact. Overall, PUFA supplementation impacted 

neuronal membrane composition  and the n-6:n-3 ratio, but this study does not provide enough 

evidence to demonstrate that ALA, ARA, or EPA individually influence neuritogenesis during 

differentiation. Further experiments are needed to assess functional outcomes and other 

morphological measures of developing neurons. 
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APPENDIX A. FATTY ACID DATA 
 

 

 

 

 

 

 

 

Table A.1.Fatty Acid Phospholipid Composition of PUFA Supplemented SH-SY5Y Cells. 
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Table A.2. Fatty Acid Analysis Data from Gas Chromatography.  
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Table A.3. Fatty Acid Category Totals.  
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APPENDIX B. SH-SY5Y CELL IMAGES 

 

Figure B.1. BSA Replicate #1 Microscopy Images. Pictures were taken each day during the 5-day treatment incubation period. 
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Figure B.2. ALA Replicate #1 Microscopy Images. Pictures were taken each day during the 5-day treatment incubation period. 
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Figure B.3. ARA Replicate #1 Microscopy Images. Pictures were taken each day during the 5-day treatment incubation period. 
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Figure B.4. EPA Replicate #1 Microscopy Images. Pictures were taken each day during the 5-day treatment incubation period.  

 


