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ABSTRACT 
 

Human breast milk provides the optimum nutrition for infants. Designed to provide 

balanced nutrition, human breast milk naturally meets the needs of growing infants in the 

first months after birth. In human breast milk, and in most infant formulas, approximately 

50% of the energy is supplied to newborns as fat, of which more than 98% is in the form 

of triglycerides. Triglyceride synthesis occurs in the mammary gland. The fatty acids are 

specifically positioned to sn1, sn2 or sn3 positions on the glycerol backbone to yield the 

structure-specific triglycerides that are found in human milk. Palmitic acid (C16:0) is the 

predominant saturated fatty acid, comprising 17-25% of the fatty acids in mature human 

milk. Surprisingly, the positioning of palmitic acid is highly conserved across 

populations, and approximately 70-75% of palmitic fatty acids are esterified to the sn2 

position of the triglyceride (sn2 palmitate). 

Clinical and pre-clinical studies over the last three decades have provided increasing 

evidence that this specific positioning of palmitic acid on the triglycerides in human milk 

has a significant holistic effect on optimal infant development and well-being that is 

related to the increased absorption of both palmitic acid and calcium: softer stools, 

increased bone strength, increased beneficial gut flora, controlled intestinal health, and 

reduced infant crying. All of these contribute to the benefits of infant wellbeing. 

The overall aim of the current review is to expand the understanding of the role of 

palmitic acid and its specific sn2 position in infant nutrition. 
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INTRODUCTION 
 

Palmitic acid (16:0) (PA) is the most abundant and widespread natural saturated acid; it is 

present in plants, animals, and microorganisms. Twenty to thirty percent of the mammalian 

body lipids and 10 to 40% of vegetable oils are palmitic acid. Palm oil is a rich commodity oil 

source, and over 40% of it is palmitic acid (Scrimgeour and Harwood 2007). Palmitic acid 

was discovered in 1840 by Edmond Fre´my (Fre´my 1842) in saponified palm oil. The word 

palmitic is derived from the French word ‗‗palmitique,‘‘ for the pith of the palm tree. As its 

name indicates, it is a major component of the oil derived from palm trees (palm oil and palm 

kernel oil). Recent evidence suggests that PA plays an important role beyond serving as an 

energy source.  

Palmitic acid is the predominant saturated fatty acid in mature human milk, comprising 

17-25% of the total fatty acids, of which 70-75% is esterified to the sn2 (β) position of the 

triglyceride (Breckenridge et al. 1969). The significance of this fatty acid and its position is 

evident from the fact that this positioning is conserved in all women, regardless of their ethnic 

origin or nutrition, unlike the general fatty acid profile of human milk (Jensen et al. 1978, 

Jensen 1999). In contrast, the palmitic acid in vegetable oils that are commonly used in the 

manufacturing of infant formulas is esterified primarily at the sn1 and sn3 positions, while the 

sn2 position is predominantly occupied by unsaturated fatty acids (Jensen 1995).  

 

 

THE SPECIAL STRUCTURE OF HUMAN MILK FAT  
 

Human breast milk provides the optimal nutrition for infants. Breast milk is designed to 

provide a balanced diet and meet the needs of the growing infant. Approximately 50% of 

dietary calories from both human milk and infant formulas are supplied as fat. Human milk 

lipids consist of triacylglycerols (TG) (98%), phospholipids (0.8%), cholesterol (0.5%), and 

other lipid components (Giovannini et al. 1995). 

TGs are composed of a 3 carbon glycerol to which 3 fatty acids are esterified, and the 

glycerol carbons are stereo-specifically numbered as sn1, sn2, and sn3 (Innis 2011). The 

mammary gland actively uptakes FAs from plasma for the de novo synthesis of TGs (Neville 

and Picciano 1997), where,  there is a preferential acylation of fatty acids to specific positions 

in TGs, making it seem as there is a biological purpose for investing in the enzymes needed to 

achieve the nonrandom positioning of TG fatty acids (Innis 2011).  

Human milk fat is very well absorbed by infants despite its high saturated fatty acid 

content (45% of fatty acids with a melting point above body temperature). This good 

absorption is attributed at least in part to the presence of the bile salt lipase in human milk and 

to the unique triglyceride synthesis and the highly specific positional distribution on the 

glycerol backbone (Breckenridge et al. 1969). 

 

 

NUTRIENT ABSORPTION 
 

Infants require a bio-available source of energy and nutrients to meet the requirements of 

their rapid growth, development and expanding skeletal mass. An infant‘s nutritional 
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environment involves a high fat diet with frequent feedings; therefore, efficient fat absorption 

is required. In breastfed infants, this is achieved using complex fat globule lipids and TG 

structures that enable the efficient absorption and processing of a high-fat diet with highly 

saturated fatty acids without requiring a high metabolic effort from the infant. For formula-

fed infants, the availability of nutrients and energy depends on the composition of the formula 

(Giovannini et al. 1995).  

Gastric lipase, reponible for intial TG digestion, hydrolyzes fatty acids from the sn3 

position of dietary TG to release sn1,2 diacylglycerols and accounts for 10% or more of 

dietary TG hydrolysis, depending on the composition of the milk or formula (Mu and Hoy 

2004). Fat digestion continues with pancreatic colipase-dependent lipase (pancreatic lipase), 

which has specificity for TG sn1 and sn3 ester linkages and completes TG hydrolysis to give 

sn2 monoacylglycerol (2-MAG) and unesterified fatty acids, each of which are absorbed 

separately. The absorption of unesterified fatty acids depends on their physical and chemical 

properties (Innis 2011). The palmitic acid and stearic acid have melting points above the 

intestine temperature (63°C and 70°C, respectively), in contrast to unsaturated fatty acids 

such as oleic acid, linoleic acid and linolenic acid, which have melting points below the 

intestinal temperature. Therefore, together with the pH of the intestine, unesterified long-

chain saturated fatty acids have an increased tendency to form insoluble fatty acid soaps that 

are subsequently lost in the stools (Innis 2011). Fat absorption is influenced by the position of 

the individual fatty acids on the triglyceride molecule and the importance of the positional 

distribution of the fatty acids in human milk or infant formula fat applies particularly to 

palmitic acid because it is one of the major constituents (Jensen et al. 1986). Palmitic acid is 

absorbed from human milk as sn2 monoacylglycerol (Innis et al. 1994), and it is conserved 

through digestion and absorption (Nelson and Innis 1999). 

 

 

Figure 1. Soaped fatty acids in 24 hr stool collection at 6 weeks postnatal. The significance was 

calculated for the two groups by the Mann Whitney test. Different letters indicate statistical significance 

(p<0.05) between groups. 
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Clinical studies in term (Carnielli et al. 1996, Kennedy et al. 1999, Lopez-Lopez et al. 

2001) and preterm infants (Carnielli et al. 1995, Lucas et al. 1997) have demonstrated the 

correlation between the level of palmitic in the sn2 position on fatty acids and calcium 

absorption. The reduction in calcium and fatty acid absorption is accompanied by increased 

calcium soaps and, consequently, hard stools (Quinlan et al. 1995). Infants receiving the high 

sn2 formula had softer stools and fewer formed and hard stools than did control regular 

vegetable oil formula group (Sidnell and Greenstreet 2011, Kennedy et al. 1999, Litmanovitz 

et al. 2014, and Yao et al. 2014). 

Prebiotics are routinely added to infant formulas. A prebiotic is a non-digestible food 

ingredient that has several potential beneficial effects on neonatal intestinal development, 

including protection against infection and facilitation of nutrient absorption (Calder et al. 

2006). Sn2 palmitate was recently shown to enhance fat absorption and reduce calcium soap 

formation in infant formulas containing prebiotics (GOS) (Bar-Yoseph et al. 2014). In a 

multicenter clinical study on Chinese term infants, sn2 palmitate formula consumption 

resulted in benefits to the infant in terms of the nutrient absorption, specifically fat absorption. 

Comparable with breastfeeding, the formula with sn2 palmitate reduced fat excretion, 

primarily in form of calcium soap (Figure 1 (Bar-Yoseph et al. 2014) and Yao et al. 2014). 

 

 

FATTY ACIDS BLOOD PROFILE 
 

Whereas considerable data is available about the digestion and absorption of human milk 

TGs, very little is known about the significance of the milk TG structures after absorption.  

Assuming an average intake of 760 mL/day of human milk with 3.6 g/dL triacylglycerol 

(TG), the breast-fed infant consumes approximately 27 g/d TG, representing approximately 

50% of the infant‘s daily energy intake and 3–5 times more TG/kg body weight than most 

adults consume. Unlike usual post-weaning feeding, breast-fed infants are frequently fed, 

resulting in a prolonged post-prandial state with a high lipid (milk) load (Innis 2013). 

TG digestion by gastric and pancreatic lipase results in sn2 monoacylglycerols (2-MAG) 

and unesterified fatty acids, which are absorbed into the enterocytes and reassembled into 

TGs for secretion in chylomicrons (Innis 2011).  

The effect of sn2 palmitate was shown by Carnielli et al., in a crossover clinical trial with 

premature infants who were each fed for 1 week with a standard formula or a formula 

containing sn2 palmitate. Infants fed with the sn2 palmitate formula had higher percentages of 

palmitic acid in plasma sterol esters, triacylglycerols, and free fatty acids and they had lower 

linoleic acid in triacylglycerols compared with the group receiving standard formula. These 

results can be explained by the better fat absorption of the major dietary saturated fatty acids 

(Carnielli et al. 1995). Previous studies have also shown high levels of palmitic acid at the 

sn2 position of TG in plasma chylomicrons of breast-fed infants, showing that milk TG 

structures are conserved through digestion and absorption in young infants (Innis et al. 1994, 

Nelson and Innis 1999). A similar palmitic acid level in the chylomicron TG total fatty acids 

was observed, indicating a physiological purpose of the milk TG structure and palmitic acid 

post-absorption (Innis 2011). An additional study showed that when TGs with sn2 palmitic 

acid and sn1,3 oleic acid were compared with sn2 oleic acid and sn1,3 palmitic acid, they 

were associated with higher palmitic and stearic acids as well as, unexpectedly, higher 
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docosahexanoic acid in plasma unesterified fatty acids. This finding suggests the need for 

paying further attention to the plasma unesterified fatty acids in young infants as a possible 

source of fatty acids for membrane phospholipid synthesis and turnover (Innis and Nelson 

2013).  It is therefore possible to have the same average fatty acid composition in plasma TGs 

with very different TG structures (Innis 2011). 

 

 

BONE HEALTH 
 

During the last decade, substantial efforts were made to determine the factors that 

influence bone mineral accretion in healthy children. This may be attributed to the suggestion 

that osteoporosis originates in childhood (Janz 2002), thereby providing optimal nutrition for 

reaching the highest possible peak bone mass. The absorption of nutritional factors, such as 

minerals, fats, carbohydrates, and proteins, is significantly important for normal infant growth 

and development and may contribute to early bone mineral accretion (Specker 2004). 

Kennedy et al., by using dual-energy X-ray absorptiometry (DEXA) to assess bone 

mineralization showed in a randomized, controlled, double-blind study higher body bone 

mass in infants after 12 weeks of feeding with sn2 palmitate formula (Kennedy et al. 1999), 

Litmanovitz et al., showed that bone speed of sound (SOS) at 12 weeks in term newborns fed 

with sn2 palmitate formula was significantly higher than that of newborns fed with regular 

formula and comparable to that of breastfed newborns (Litmanovitz et al. 2013). In this study, 

the SOS measurements showed a decrease in SOS in the first 12 weeks for all infants, 

regardless of the type of feeding, but the decline was slighter in the sn2 palmitate and 

breastfed groups than in the control group (figure 2), indicating higher bone strength in both 

sn2 palmitate and breastfed groups. 

 

 

Figure 2. Bone speed of sound (SOS) during the first 12 postnatal weeks for infants fed with control 

formula, sn2 palmitate formula or breast milk. 
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This finding is in agreement with studies in both preterm infants () and term infants that 

demonstrated a decrease in SOS (Eliakim et al. 2002, Litmanovitz et al. 2003, Liao et al. 

2005) and DEXA (Rauch and Schoenau 2001). The reason for these phenomena is not clear. 

It was suggested that the decline in bone mineral density (BMD) in healthy newborns is 

associated with a relative physiological decrease in the cortical area and a redistribution of 

bone tissue from the endocortical to the periosteal surface rather than with bone loss (Liao et 

al. 2005). It is also possible that this decrease represents a delay between rapid linear bone 

growth and mineralization. 

 

 

QUALITY OF LIFE 
 

One of the major concerns of parents is their baby's comfort and wellbeing. Various 

parameters may provide comfort to the newborn infants. Those parameters include stool 

characteristics, such as consistency, frequency and volume, as well as sleeping and crying 

duration and their frequency during the day. Thus, comfort parameters can be the result of 

neurological or gastrointestinal pathways and involve much more complex physiological 

mechanisms.  

Clinical studies have revealed beneficial effects of sn2 palmitate on the comfort and well-

being of healthy term infants through observations of softer stools (Carnielli et al. 1996, 

Kennedy et al. 1999). Recently, in a randomized controlled study, formula containing sn2 

palmitate was shown to reduce crying in infants compared to a control formula (Bar-Yoseph 

et al. 2013). Additionally, the study showed that the consumption of formula with sn2 

palmitate improved infant crying patterns during the day. The crying duration and patterns in 

the sn2 palmitate group were similar to those of breastfed infants, and the percentage of 

crying infants was significantly lower in the sn2 palmitate group compared to the control 

group during the afternoon hours (Litmanovitz et al. 2014). 

Crying is a basic, instinctive response that is governed by basic neuro-chemical 

mechanisms similar to those that control feeding (Brazelton 1962). Although crying is a 

common spontaneous behavior, it can induce parental concern, which often results in requests 

for assistance from health services (Brazelton 1962). Most infants follow a universal crying 

pattern during the first few months of life, in which crying peaks at 6 weeks of age and then 

declines leading up to 3 months of age (Brazelton 1962, Barr et al. 1989, St James-Roberts 

and Halil 1991, St James-Roberts et al. 1993, Baildam et al. 1995, Evanoo 2007). Crying also 

has a typical diurnal pattern: 40% of crying episodes occur between 1600h and 2200h, and 

after the third month of life, crying episodes are distributed throughout the day. Infant crying 

is usually believed to be related to abdominal discomfort (Rasquin et al. 2006). Due to the 

mechanisms involved in crying, it is conceivable that diet, by modifying neurochemistry, 

could alter crying that is either endogenous for no apparent reason or associated with 

physiological stimuli, such as hunger/separation. Dietary approaches to reducing crying 

episodes in formula-fed infants have already been introduced. Savino et al., (2006) evaluated 

the efficacy of a formula containing partially hydrolyzed whey proteins, prebiotic 

oligosaccharides (OS), and a high sn2-palmitic acid content (41% in the sn2 position), and the 

authors observed a significant difference in crying, which most likely resulted from the 

significant decrease in colic episodes (Savino, Palumeri et al. 2006). More recently, the effect 
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of sn2 palmitate on infant crying was re-assessed in a double blind study using infant 

formulas that already contained prebiotics (GOS). This study demonstrated an additional 

beneficial effect of sn2 palmitate beyond the effect of prebiotics in crying reduction (Bar-

Yoseph et al. 2014). 

The authors concluded that if the reduction of crying in infants fed formula with sn2-

plamitate is simply due to the looser stools, one would not expect an effect using formulas 

with prebiotics that result in softer stools, and there would definitely not be a diurnal pattern 

of altered crying (random during the day and likely associated with time of passing stool). 

Therefore, this effect could not be attributed to softer stools alone, and the mechanism had not 

yet been revealed. 

 

 

GASTROINTESTINAL HEALTH 
 

Over the past two decades, easy digestion and improved nutrient absorption following 

sn2 palmitate-based infant formulas have been shown in preclinical and clinical studies in 

preterm (Carnielli et al. 1995, Lucas et al. 1997) and term infants (Carnielli et al. 1996, 

Kennedy et al. 1999, Lopez-Lopez et al. 2001); recently, this effect was shown even in infant 

formulas containing prebiotics (Bar-Yoseph et al. 2014). The benefits of sn2 palmitate on 

better digestion, promote a comfortable environment for the gut, thereby indicating a possible 

health benefit to the gut. The potential mechanism of sn2 palmitate in improving gut function 

is not clear; however, in view of its significant contribution to the digestion process, it is 

reasonable to believe that it has further effects on the gastrointestinal surroundings.  

The human gut is the natural habitat for a large and dynamic microorganisms' community 

(Guarner and Malagelada 2003). The structure and composition of the gut flora reflects 

natural selection at both the microbial and host levels, which promotes mutual cooperation 

within and functional stability of this complex ecosystem (O'Hara and Shanahan 2006). The 

fetal gut is sterile colonization begins immediately after birth and is influenced by the mode 

of delivery, the infant diet, hygiene levels and medication (Niers et al. 2007). Throughout life, 

the gastrointestinal tract becomes heavily inhabited by a complex community of 

microorganisms, which are far in excess of the eukaryotic cells of the human body 

(Dethlefsen et al. 2006). The intestinal microflora is an essential ―organ‖ that serves 

numerous important functions for the human host, including protection against pathogens and 

provision of enhanced metabolic capabilities. It acts as important source of energy and 

regulates intestinal epithelial proliferation, gut maturation and modulation of the 

inflammatory immune response (Lodinova et al. 1967, Dethlefsen et al. 2006, Kau et al.). 

Moreover, the characteristics of the intestinal bacterial community have been associated with 

allergies, late-onset autism, inflammatory bowel disease and cancer (Dethlefsen et al. 2006). 

It has been shown that bifidobacteria and lactobacillus protect infants from pathogenic 

intestinal microorganisms and therby decrease the incidence of infantile diarrhea (Yoshioka et 

al. 1983; Huang et al. 2002). They are associated with a higher production of short-chain fatty 

acids (acetic and lactic acids), which are a source of energy for colonocytes. Furthermore, 

strains of bifidobacteria and lactobacillus influence gut maturation processes in infants and 

have anti-inflammatory effects (Hedin et al. 2007). Specific components of the intestinal 

microflora, including Lactobacilli and Bifidobacteria, are beneficial for the host, such as 
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promoting gut maturation and integrity, acting against pathogens and participating in immune 

modulation (Calder et al. 2006, Pai and Kang 2008).  

 The human diet plays a major role in the gut microbiota composition and development 

(Fanaro et al. 2003,Kau et al. 2011, Moore et al. 2011). Following the first days after birth, 

the flora composition rapidly changes under the influence of the infant's diet; consequently, 

the composition is different between breastfed and formula-fed babies (Harmsen et al. 2000, 

Fanaro et al. 2003). Within 1 week after birth, bifidobacteria becomes the predominant 

species in the intestine of breastfed infants, whereas formula-fed infants have a more diverse 

flora without any prevalent microorganisms (Harmsen et al. 2000, Fanaro et al. 2003, Morelli 

2008). Yaron et al., showed that after 6 weeks of feeding the infants fed the sn2 palmitate 

formula have a profile of intestinal microorganisms  similar to that found in breastfed infants, 

with high Lactobacilli and Bifidobacteria compared with infants fed control formula (Yaron 

et al. 2013). A similar observation was reported in a recently published study by Yao et al., 

(Yao et al. 2014). The effect may be attributed to direct or indirect mechanisms. The 2-MAG 

may directly induce the adhesion and proliferation of bifidobacteria and lactobacillus and/or 

inhibit other competitive bacterial species in the gut. Alternatively, the indirect mechanism 

might be from the non-absorbed vegetable oil products (i.e., calcium-palmitate insoluble 

complexes) that reduce the growth of the beneficial bacteria in the intestine or from fat 

degradation products that activate metabolic pathways in the intestine, affecting bacterial 

growth. Although the mechanism by which sn2 palmitate affects the microbiota composition 

is not well understood, these data indicate the beneficial long-term health effects for infants 

fed with a sn2 palmitate-containing formula. 

Furthermore, the direct interaction of microflora with the intestinal mucosa might 

stimulate inflammatory activity in the gut lesions in IBD (Monteleone et al. 2014). Therefore, 

there might be a relationship between the beneficial effect of sn2 palmitate on the gut flora 

and its beneficial effect of protection from inflammation.  

Proper development of immune tolerance is necessary for the maintenance of gut 

homeostasis and an efficient response against pathogens. Dysregulation of the involved 

mechanisms can lead to inappropriate intestinal inflammation against microbiota, such as 

inflammatory bowel disease. The immaturity of the neonatal immune system explains the 

age-dependent differences of the immune responses against pathogens and the susceptibility 

to different types of infection (Tourneur and Chassin 2013). 

Recently, it was shown in an animal model of Mucin2 deficient mice (Muc2
-/-

) with 

colitis (Lu et al. 2013) that sn2 palmitate controls the intestinal inflammation. Mucins are the 

principal components of the intestinal mucus layer (Velcich et al. 1997), which forms a 

physical barrier that protects the underlying epithelium against luminal substances and 

microbes (Hecht 1999, Hollingsworth and Swanson 2004, Dharmani et al. 2009). A 

deficiency in Muc2 affects the protective capacities of the mucus layer (Johansson et al. 

2011), leading to the development of spontaneous colitis in Muc2
-/-

 mice, a well-described 

animal model for enterocolitis (Velcich et al. 2002, Van der Sluis et al. 2006, Lu et al. 2011).  

In this study, low sn2 palmitate diet increased the incidence of erosion and mucosal 

damage in the distal colon of Muc2
-/-

 mice compared with the AIN-93G reference diet, while 

the sn2 palmitate diet controled the damage by enhancing the immunosuppressive Treg 

response in Muc2
-/-

 mice, suggesting beneficial effects of sn2-palmitic acid in limiting 

intestinal inflammatory diseases (Figure 3, (Lu et al. 2013)). 
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Moreover, the sn2 palmitate diet induced an immunosuppressive Treg response (Lu et al. 

2013). Increasing evidence has shown that Treg cells have a protective role in inflammatory 

diseases (Sakaguchi 2005), and patients with inflammatory bowel diseases (IBD) have 

reduced Treg cell numbers compared with patients who have non-IBD inflammatory diseases 

(Boden and Snapper 2008). 

These data suggest that replacing the control fat with sn2 palmitate (i.e., fat containing 

high levels of palmitic acid esterified to the sn2 position) may enhance the 

immunosuppressive Treg response in the intestine, thereby preventing or limit intestinal 

inflammation. Furthermore, sn2 palmitate might have significant beneficial effects on 

necrotizing enterocolitis (NEC), which is the leading cause of morbidity, mortality and long-

term complications in preterm infants (Neu and Walker 2011).  

 

 

Figure 3. Morphology of the distal colon of Muc2-/- mice fed AIN93G, CF (control diet, low sn2 

palmitate), or sn2 palmitate (INFAT). Distal colonic sections of mice fed with the different diets were 

stained with hematoxylin and eosin. Shown are representative sections for each diet group.  

Data from other fatty acids, such as LC-PUFA, with similar effects merit further 

investigation. Some postulated mechanisms of this observed effect are presumably attributed 

to alterations in signal transduction pathways, membrane fluidity, intraluminal bacteria, and 

gene expression (Teitelbaum and Allan Walker 2001).  

 

 

CONCLUSION 
 

The sn2 palmitate research area began with a focus on increased calcium and fat 

absorption and its role in bone mineralization. The increasingly broad research efforts on sn2 

palmitate gradually revealed additional, and significant clinical effects, such as intestinal flora 

composition, intestinal inflammation, and the infant's comfort in the form of crying patterns. 

The efficient absorption of fat by breast-fed infants emphasizes the importance of the human 

milk TG structures for digestion. The structure of sn2sn2 palmitate is also conserved 

following digestion, entering the blood stream to reach target peripheral tissues. This 

observation strongly suggests that the significance of human milk TG structures goes beyond 

maintaining efficient palmitic acid absorption. As demonstrated in this review, the effect of 

sn2sn2 palmitate extends to different biological benefits beyond fat and calcium absorption, 

while the mechanism and the active pathways involved in those effects remain to be 

elucidated. 
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