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ABSTRACT 
 

Sialic acids (Sia) are key players in the cellular physiology from 

fecundation to aging and disease. They participate in cell-cell 

interactions, binding to pathogens, axon scaffolding in brain, synaptic 

plasticity, immune cell regulation, inflammation, cancer, and autoimmune 

and metabolic diseases, including cardiovascular diseases or diabetes. 

Their role in fetal and postnatal development in humans is also of 

paramount importance. Sialylated molecules, not only protein and 

gangliosides but also oligosaccharides, have been shown to play a pivotal 

role in gut maturation and microbiota development, as well as in 

resistance to pathogens both in gastrointestinal and respiratory tracts. 

Regarding brain development, a fast increase of brain gangliosides after 

birth seems to be related to key neuronal events as cell proliferation, 

neurogenesis or synaptic transmission. Moreover, brain gangliosides and 

glycoproteins have been associated with learning and memory abilities. 

Thus, Sia are essential for the infant during the first months of life and a 

correct sialylated status may condition the development of the baby. 

Question arises whether such an influence for Sia extends further and 

health during adulthood and aging might partly depend on the Sia 
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metabolism during early life. The present review will attempt to shed 

light on the topic from the early programming perspective. 

 

 

Like old mithological Janus or the 19th century’s classical horror 

character - Dr Jekyll and his evil alter ego Mr Hyde-, sialic acids (Sia) are 

described in the literature as heroes and villains. While life and development 

without sialic acids is impossible, its presence/increase is also bound to the 

development of malignancies and increased risk of suffering from grave 

diseases or the most severe stage of those diseases.  

No other sugar has raised similar interest and literature. But Sia 

peculiarities are worth any word dedicated to them. Therefore, let us start the 

tale of Sia from the very beginning. 

 

 

SIALIC ACIDS IN HUMAN DEVELOPMENT 
 

Sperm and egg, as most mammalian cells, are fully coated by a dense 

glycocalix composed by glycoproteins and glycolipids [1]. Glycoconjugates 

on the sperm surface are highly sialylated, which has been interpreted as a way 

of eluding the female immune response while traversing the reproductive tract 

in search of the ovum. But, in order to be ready to fecundate the egg, sperm 

cells go through a process called capacitation. During capacitation, 20% of Sia 

bound to sperm membrane is lost mainly due to the action of sperm sialidases 

Neu1 and Neu3 [2]. 

After fecundation, a change in glycosylation in the zygote and developing 

embryo has also been reported by several authors (for an excellent review, see 

[1] and references within). Glycosylation seems to be crucial in the 

implantation phase, allowing the embryo binding to the endometrium [3]. 

Thus, selectin adhesion is important in the maternal-fetal interface since L-

selectins on the fetal side strongly bind to the maternal sialylLeX-decorated 

MECA-79 [4].  

Furthermore, sialylation is critical during the early stages of development 

and the inactivation of the key enzyme of sialic acid synthesis –UDP-GlcNAc 

2-epimerase– is lethal, as shown in a targeted mutagenesis of this gene in 

which no homozygous null embryos could be identified at embryonic day 10 

(E10.5) [5]. Loss of protection from proteolysis and impaired cell-cell 

recognition were hypothesized by the authors as potential causes of lethality. 
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As mentioned before, Sia also plays its double hero/villain role at this 

early stage of life. While being essential for development of the embryo, Sia 

can be a hurdle when it comes to nourish that same embryo. During the first 12 

weeks of human gestation endometrial glands produce secretions that, in 

addition to plasma filtrate, serve as a source of nutrients for the developing 

embryo. A loss in sialylation in certain glycoconjugates secreted by the 

endometrium may enhance their uptake by the developing embryo and, thus, 

contribute to its optimal nutrition [6].  

Changes not only affect the offspring. Hence, an increase in maternal 

serum total Sia (TSA) as gestation progresses has been reported [7]. The study 

included data from women at different weeks of gestation, from 5 to 37+ 

weeks, showing an increase from 503 mg/L to 636 mg/L. Despite the main 

limitation of this study, i.e., it was not a follow-up of the same women along 

their pregnancies, it is worth taking into account such an increase in TSA, 

which authors associated to the expansion of the different maternal and fetal 

tissues. 

Crook et al. also reported a significant increase in TSA in pregnant 

women when compared to non-pregnant women (991 vs 660 mg/l, p<0.001). 

TSA values remain high even 12 weeks after delivery (775 mg/L; p<0.001 

compared to controls)[8]. 

This rise in TSA likely reflects an intensification of the endogenous 

synthesis of Sia in the mother in order to satisfy the increasing demands of the 

growing fetus first, and those of the lactating baby after birth. Sia is crucial for 

the correct development of the different tissues, mainly for the brain. While 

the liver is able to synthesize Neu5Ac from UDP-N-acetylglucosamine 

through a series of reactions performed in the cytosol [9], rate of synthesis 

may not fulfill the requirements of the infant. Under these circumstances, 

dietary Sia becomes critical since it can be incorporated into glycoconjugates 

once released into its free form during digestion [10]. 

Levels of TSA during postnatal development also reflect child growth. 

Thus, it has been reported that term newborns have around 384 mg/L TSA, 

while preterm babies have lower amounts (313 mg/L). The level of TSA 

increases during childhood up to an average value of 705 mg/L in children 

aged 1-15 years [11]. Other authors have reported an increase of total Sia 

excreted in urine, being 20.9 mg/24h in infants (3 months), 30.6 mg/24h in 

toddlers (age 2 years), 64.4 mg/24h in school age children (age 8 years) and 

83.8 mg/24h in adolescents (age 15 years) [12], reflecting a probable increase 

also in serum. We may speculate that during the exponential phase of 

development when brain is rapidly developing, Sia requirements are so high 
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that very little is discarded and excreted and these high demands drop as 

children grow and their brains acquire a more mature and stable structure. 

TSA levels during adulthood have also been studied in a subpopulation 

out of a broad sample of Finnish subjects from age 25 to 74 years (n=200 

subjects out of 11500) [13]. TSA values are similar in men and women, when 

the general population is considered. However, TSA significantly increased 

with age in the female population while remained stable in males. A 

significant increase was observed around menopause, showing that TSA levels 

may be influenced by sexual hormones. Moreover, the same authors showed 

that the use of contraceptive pills and hormone treatment had a significant 

effect on TSA.  

Regarding age differences, a study comparing 37 geriatric patients (mean 

age 80 years, 48% females) vs 50 younger healthy subjects (mean age 40 

years, 54% females) showed a significant increase in TSA in the elderly (744.7 

mg/L vs 630.4 mg/L). The main limitation of this study is that it did not take 

into consideration gender as a factor, although groups seemed to be well 

balanced [14]. Sia changes along life are summarized in Figure 1. 

 

 

Figure 1. Life cycle of Sia. Arrows indicate the trend of Sia content in serum along that 

stage. 
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SIA AS A MARKER OF DISEASE 
 

Increased TSA levels have been associated to malignancy and metastasis 

in several tumors, including ovarian carcinoma, brain tumors, leukemia, lung, 

oral, colorectal, glad bladder and endometrial cancers, among others [15, 16]. 

The highest level correlates positively with the most advanced stages of tumor 

and metastasis. Also, tumor cells are hypersialylated with respect to normal 

cells due to an overexpression of sialyltransferases, an enhanced flux rate 

through the biosynthetic pathway –more substrates, overexpression of genes 

involved-, and a differential expression of sialidases [17]. The highly 

sialylated tumor cell surface facilitates escape from apoptosis, contributing to 

the survival of the tumor and to therapy resistance [18, 19].  

TSA is also a useful marker for leukemia and solid tumors in children 

[20]. Elevated TSA and lipid-bound Sia were observed in children with 

various malignancies compared to healthy children, and also in those with 

simultaneous cancer and infection respect to those with infections only [21].  

It is well known that humans lost the ability to synthesize Neu5Gc during 

our species evolution [22]. However, there is evidence of the presence of 

Neu5Gc in glycoconjugates from tumor cells, an epitope known as 

Hanganutziu-Deicher (HD) antigen. The formation of HD antibodies has been 

shown to occur not only in patients with several malignancies, but also in 

those with infections and liver diseases [23]. Targeting NeuGc-containing 

gangliosides has been proposed as a therapy in children with high-risk 

neuroblastoma and other pediatric tumors [24]. 

Sia are also elevated in several inherited disorders that can be diagnosed 

by determining the Sia level in urine. Thus, sialidosis –a primary sialidase 

deficiency- leads to a 3-20-fold increase in Sia excretion [25]. While sialidosis 

or galactosialidosis affects bound Sia, Salla disease, intermediate severe Salla 

disease, and infantile free sialic acid storage disease (ISSD) are 

neurodegenerative disorders resulting from increased lysosomal storage and 

urine excretion of free Sia [26].  

Inflammation and acute-phase response are also accompanied by an 

increase in TSA, and both free Sia and lipid-bound Sia have been proposed as 

markers for monitoring systemic inflammation, mainly associated to heart 

failure [27]. A 17-year follow-up study has shown that TSA is an independent 

risk factor for coronary heart disease, mainly in women since an increase of 25 

mg/dL in serum is associated with a hazard ratio of 1.40 (1.06 in men) [28]. 

This study confirms the results shown in a previous 20-year follow-up study 
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reporting that the relative risks for CHD mortality almost doubled in the 

highest serum sialic acid quartile population [29].  

 

 

SIA IN DIABETES AND OBESITY 
 

The current prevalence and rising trend of diabetes is one of the most 

concerning public health issues worldwide. Several authors have reported an 

increase in TSA in diabetic patients compared to normoglycemic controls [30-

34]. In a 40 years follow-up study of a large population from Sweden, it was 

shown that elevated TSA significantly increased the risk of hospitalizations in 

diabetic subjects. Moreover, the risk of suffering from diabetes was higher in 

those individuals with TSA above the median [35]. Other studies confirmed 

that high TSA in diabetic patients is associated with additional complications 

such as nephropathy [36, 37], retinopathy [38], and vascular disease [39].  

Conversely, some studies have found no differences in TSA between 

controls and type 1 diabetic children (aged 12-15 years) [40, 41] and young 

adults [42]. Young diabetic subjects recruited for those studies did not have 

any associated pathology, i.e., nephropathy or vascular disease, and in fact, 

prepuberal children seem to be protected against comorbidities. An 

intervention at the onset of diabetes during childhood and adolescence can 

prevent the development of associated vascular diseases in adults [43]. It can 

be hypothesized that TSA is not a marker of diabetes per se but a marker of 

associated complications that develop later in life. Thus, longer follow-up 

studies of type 1 diabetic patients from the onset of the disease may shed light 

on the true role of Sia in the evolution of the diabetes.  

 

 

Mechanism 
 

Desialylation has been shown to play a role in insulin receptor (IR) 

activity. Insulin receptor is a large glycosylated transmembrane protein with 

tyrosine kinase activity that becomes auto-phosphorylated upon binding to 

insulin [44], triggering a signaling cascade that eventually leads to trafficking 

of the glucose (Glc) transporter GLUT4 to the plasma membrane [45]. It has 

been shown that insulin binding to IR induced desialylation of the IR by 

neuraminidase Neu1 and this accompanied activation of the receptor [46]. A 

reduction in insulin-dependent Glc transport by 30% was reported in rat 

adipocytes [47] and other study showed a reduction in insulin action by 50% 
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when 23% of total cellular sialic acid content was released by neuraminidase 

treatment [48]. Haxho et al. [49] have proposed a mechanism in which insulin 

binding to the IR initiated a cross-talk between a G-protein-coupled receptor 

platform and Neu1, which is then induced to hydrolyze α2,3-sialyl residues on 

IRβ subunits allowing subsequent dimerization, activation and signaling [50].  

Sialylated molecules seem to be crucial in the development of insulin 

resistance. Signaling from the insulin receptor is mainly restricted to caveolae 

microdomains of the plasma membrane [51]. In normal, insulin-responsive 

cells IRs are mainly located in the caveolae, anchored there by caveolin-1 

(Cav-1) [52]. Upon insulin binding, a signaling pathway is activated and 

GLUT4 transfers to the plasma membrane allowing the uptake of Glc from the 

extracellular millieu (see Figure 2, left panel). Early reports showed that 

TNFα-mediated insulin resistance in adipocytes could be prevented by the use 

of inhibitors of GM3 synthase, one of the first enzymes in the ganglioside 

synthetic pathway; moreover, exogenous GM3 was able to suppress Glc 

uptake in cultured adipocytes to a similar extend as TNFα did [53]. Two-fold 

increase in GM3 was found in microdomains of adipocytes when treated with 

TNFα, suggesting that GM3 may be a regulator of insulin signaling [54]. 

Other authors have reported similar results not only in adipose tissue [55] but 

in muscle [56] and fibroblasts [57], thus GM3 is now considered as “a 

gatekeeper of obesity-associated insulin resistance” [58]. Taking all this 

evidence into account, Inokuchi has proposed a mechanism to explain the role 

of GM3 in insulin resistance and diabetes (Figure 2) [59]. In normal cells, the 

amount of GM3 in the microdomains is low mainly due to the activity of 

neuraminidase Neu3 [60], thus IR remains in the caveola and insulin signaling 

leads to the membrane expression of GLUT4. In pro-inflammatory conditions, 

the presence of TNFα triggers the synthesis of GM3 by enhancing the 

expression of GM3 synthase. At the same time, TNFα induces the elimination 

of IR from the caveola, disrupting insulin signaling. It has been shown that IR 

can bind to either GM3 or to Cav-1, but not to both at the same time. IR-Cav-1 

complex seems to be dissociated by the interaction of a Lys residue of the IRβ 

to the Sia moiety of the GM3, thus removing the IR anchoring to the caveola 

[54]. 

Therefore, when GM3 levels are elevated after stimulation by TNFα, these 

ganglioside molecules “sequester” IR from the caveola and the cell becomes 

insulin-resistant [61]. 

Hence, GM3 has been proposed as a marker for metabolic syndrome and 

diabetes. Serum GM3 levels were higher in hyperglycemic patients and type 2 

diabetic individuals with severe obesity [62], and further studies have even 
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identified GM3 molecular species that were elevated in these patients, 

proposing GM3(d18:1-h24:1) as the best candidate for metabolic screening 

[63]. Accordingly, GM3 synthase-deficient mice are protected against obesity 

induced by high fat diet and show enhanced insulin sensitivity [64] and obese 

Zucker rats exhibit lower Neu3 protein content in skeletal muscle and liver 

[60]. 

 

 

Figure 2. GM3 in insulin resistance (based on [59]). Under normal conditions (left 

panel), insulin receptor remains anchored to the caveola by caveolin, being able 

interact with IRS-1 upon insulin binding and trigger the signal that allows GLUT4 

translocation to the plasma membrane for Glc uptake. GM3 levels remain low due to 

the action of Neu3. Under insulin resistance conditions (right panel), the excess of 

GM3 stimulated by TNFα keeps the insulin receptor sequestered out of the caveola. 

Thus, even when it binds insulin, there is no connection to IRS-1 and the signaling is 

blocked. 

Not only GM3, but other glycosphingolipids have also been involved in 

the development of metabolic syndrome. Since GM3 is the precursor of many 

other gangliosides, an increase in GM3 may consequently lead to an increase 

in other gangliosides. Thus, adipose tissue from obese animals is enriched in a-

series gangliosides, i.e., GM2, GM1a, and GD1a when compared with adipose 

from normal weighed animals [55]. Increase of a-series gangliosides, but not 

b-series ones, resulted in the accumulation of leptin in adipocytes due to an 

impairment in the secretion of this anorexigenic hormone, whose levels in 

obese animal serum are very low [65]. Also, an increase in GM1 on the cell 

surface of senescent endothelial cells caused insulin resistance [66]. 
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Conversely to the previously cited studies, other authors have reported 

that an increase in Neu3 induced a reduction in the phosphorylation of IRβ and 

the development of insulin resistance in skeletal muscle [67, 68]. Chavez et al. 

have suggested that the mechanism involving GM3 may be more relevant in 

the adipose tissue due to the high number of caveolae on the surface of these 

cells, whereas myotubes contain far fewer [69]. 

In summary, Sia and sialylated molecules such as ganglioside GM3 are 

likely to play a preeminent role in the development and pathophysiology of 

insulin resistance and diabetes. 

 

 

Obesity in Childhood 
 

Since pediatric obesity has been described as an inflammatory condition 

and obese children have elevated levels of proinflammatory cytokines 

including TNFα [70], it is likely that the mechanism described above also 

works in the youngest diabetic patients. 

Childhood obesity has become a global public health concern as the 

number of obese children has tripled in the last 3 decades in North America 

and other Western countries [70]. Being the aim of the present review to 

discuss the influence of early life Sia on posterior health and disease, we can 

but hypothesize about a role on diabetes and obesity since the published 

evidence is scarce. It is widely accepted that gestational diabetes mellitus 

(GDM) and maternal obesity are associated with an increased risk of obesity 

and Glc intolerance in the progeny, even maternal insulin resistance per se can 

promote metabolic disease in offspring [71]. Sia is one of the metabolites with 

a differential regulation in insulin resistant mothers with respect to 

normoglycemic mothers [71]. Others have also reported increased levels of 

TSA in GDM women or pregnant women with impaired Glc tolerance when 

compared to normoglycemic pregnant women [72]. The levels were 

significantly higher in those women with previous GDM than those without 

previous GDM [73]. Defected glycosylation of glycodelin-A –a protein found 

in the amniotic fluid and involved in fetomaternal defense– has been reported 

in GDM patients, with lower levels of Sia and loss of α2,6-sialylation with 

respect to α2,3-glycans [74]. Reduction of Sia on glycoproteins may explain 

the higher levels of TSA in GDM women. Whether sialylation in the fetus is 

altered as well remains to be determined, but we could speculate that normal 

pattern may be modified to some extent. Moreover, altered glycosylation in 

GDM women seems to persist beyond delivery, since changes in the normal 



Maria J. Martin and Elena Oliveros 10 

amount of Sia bound to lactoferrin and secretory immunoglobulin A in milk 

from these women have been described [75].  

 

 

Microbiome, Sialic Acid and Early Programming 
 

One of the hottest topics in bioscience in these first years of the new 

millennium is gut microbiome. New molecular tools including metagenomics, 

metatranscriptomics, and high throughput rRNA-based techniques have 

allowed for the identification of new microbial communities populating the 

human intestine [76], and thus humans are now considered as “super-

organisms” with part of our metabolic capabilities depending on the millions 

of microbial genes located in our intestinal symbionts [77]. The intestinal 

microbiota consists of approximately 1000 species that mainly belong to two 

bacterial phyla, Firmicutes and Bacteroidetes, but other phyla such as 

Proteobacteria, Actinobacteria, Fusobacteria, Verrumicrobia, and 

Cyanobacteria [78], and even methanogenic Archaea [79] are also represented. 

Microbial density and diversity increase from the proximal to the distal 

digestive tract, being more abundant in the colon (1011 cell/mL effluent) [78]. 

The role of gut microbiota –or intestinal flora as it was termed at the time- 

in polysaccharide fermentation and vitamin synthesis was established decades 

ago [80, 81]. More recently, it was shown that microbiota modulates immune 

differentiation and intestinal functions including motility, it contributes to 

enhance nutrient accessibility, has effects on nutrient availability and energy 

expenditure, reduces bone mass, and affects adiposity and certain behaviors, 

such as anxiety [82].  

In 1900, Henry Tissier described how babies acquired the first bacterial 

inoculum while traversing the birth canal, since the uterus was considered a 

sterile environment [83]. For more than a century, it was therefore thought that 

humans were born germ-free, and gut colonization started at birth [84]. Thus, 

microbiologists devoted much attention on the colonization of what it was 

considered a virgin territory. It was shown that delivery mode modified the 

microbiota in the newborn since vaginally delivered infants acquired a 

microbiota resembling that of their mother's vagina and feces, i.e., 

Lactobacillus and Prevotella, while C-section infants harbored communities 

similar to skin bacteria, i.e., Staphylococcus, Corynebacterium, and 

Propionibacterium spp [85]. Microbial ecosystem in the newborn colon 

changes rapidly during the first days of life. Due to the abundance of oxygen 

in the gastrointestinal tract at that time, first microbiota consists mainly in 
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facultative anaerobic Enterobacteriaceae, such as Escherichia coli, Klebsiella 

and Enterobacter. As the oxygen is consumed by these microorganisms, 

obligate anaerobes start thriving and replace facultative anaerobes. Thus, after 

2-3 days, gut is populated mainly by bifidobacteria, lactobacilli, Bacteroides 

and Clostridium [84, 86]. 

During the 2000’s decade, several authors provided evidence that utero 

was not as sterile an environment as it was previously thought. Bacteria could 

be detected in cord blood, amniotic fluid and fetal membranes in normal, non-

pathological conditions demonstrating the maternal microbial transmission in 

utero [87]. Besides, maternal provisioning of microbes to the offspring seems 

a common mechanism in many animal phyla [83]. Placenta harbor a rich 

microbiota, composed of non-pathogenic species from Firmicutes, 

Tenericutes, Proteobacteria, Bacteroidetes, and Fusobacteria phyla, being very 

similar to maternal oral microbiota [88]. The presence of autochthonous 

bacteria was also demonstrated in human meconium, being Enterococcus 

fecalis and Staphylococcus epidermidis the most predominant species [89]. It 

has also been shown that meconium clearly differentiates from first fecal 

samples, since Firmicutes dominate meconium microbiota while 

Proteobacteria are more abundant in early feces [90]. 

After birth, feeding choice influences the bacterial community of the colon 

(Figure 3). Differences in bacterial species isolated from feces of breast-fed 

and formula-fed infants were long established by culture [91] and more 

recently by molecular techniques [92]. Breastfeeding favors a simpler 

microbiota, dominated by bifidobacteria; while formula-fed infants harbor a 

more diverse community with prevalence of Bacteroides [93]. Using 

metagenomics techniques, Praveen et al. found that the formula-fed microbial 

community network is denser and more complex than the breastfed 

corresponding network, while the co-expression (host-microbiome) network in 

breastfed babies is denser, reflecting a higher degree of interaction between 

human milk bioactive compounds, infant gut, and microbiome [94]. 

Relationship also extends to the mother; in fact, in a study performed with 

seven mother-infant pairs at different times after birth some species, i.e., 

Bifidobacterium breve, Staphylococcus epidermidis, and Escherichia/Shigella 

spp, that appeared in maternal feces were also found in breast milk, and infant 

feces, demonstrating the vertical bacterial transfer mother-newborn (Figure 3) 

[95].  
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Figure 3. Microbiome in infancy and early childhood. The picture shows the main 

species/groups associated to each stage. Upper left, for breastfed infants, the bacterial 

profile in mother and baby feces and also in milk is shown. Arrows indicate those taxa 

that appear in the three members of the triad and less abundant genera are indicated by 

reduced font size. Bottom left, typical microbiota composition for formula fed infants. 

Paramount changes take place when solid foods are given to the baby. The apple icon 

represents adult-like microbiota, which is thought to be established by age 2-3y. 

After millennia of co-existence, it is fair to suppose that gut microbes 

would have evolved and adapted to extract all the best from such a rich culture 

media as milk [96]. On the other hand, mammals must have taken advantage 

of microbial metabolism to exploit the beneficial influence of a selected 

microbiome on the defenseless newborns. Genome sequencing has shown that 

a typical species from breast-fed infants, i.e., Bifidobacterium longum subsp. 

infantis, has developed a special gene cluster –the 43kB HMO cluster– 

encoding catabolic genes, extracellular binding proteins and permeases that 

allow for the metabolism of milk oligosaccharides [97]. To the point, it is 

remarkable that milk oligosaccharides were initially known (back in the 

1950’s) by its “bifidogenic” effect, and in those early days they were 

commonly referred to as bifidus factor [98]. In general, infant-type 

bifidobacteria are able to subsist on milk oligosaccharides, while adult 

bifidobacteria, e.g., Bifidobacterium adolescentis and B. catenulatum, show no 

growth on lacto-N-biose, a building block for human milk oligosaccharides 
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(HMO), as the sole carbon source [99]. Not only bifidobacteria, but 

Bacteroides spp, such as B. fragilis, B. caccae, and B. vulgatus, are also able 

to grow in the presence of HMO [100]. All these species knit the complex 

network that forms the infant microbiota ecosystem, where “friendly” bacteria 

are favored by a continuous supply of HMOs as a carbon source and pathogen 

bacteria growth is hindered by acidification of the medium, colonization 

resistance, or antimicrobial byproducts [101]. 

Mature human milk contains 10-15 g/L of HMOs [102]. Conversely to 

other mammals, sialylated fraction is minority (1-0.4 g/L), being 3’- and 6’-

sialyllactose the most abundant sialylated oligosaccharides [103, 104]. Despite 

neutral oligosaccharides are more abundant than sialylated ones, infant 

microbiota species are well adapted to sialic acid and can upregulate their 

sialic-acid use pathways when in the presence of both HMO and intestinal 

mucins [100]. 

Not only commensal bacteria, but pathogenic species are able to use host 

Sia as sources of carbon, nitrogen, and as blocks for cell wall synthesis. 

Moreover, certain pathogens are able to decorate themselves with Sia in a 

successful attempt to escape host immune system, either synthesizing its own 

Sia, e.g., E. coli, or taking it from the host, as Neisseria gonorrhea and 

Haemophilus influenzae [105]. In fact, it has been shown that Sia transport is 

essential for H. influenzae virulence [106].  

Sia metabolic pathway has been extensively studied in E. coli, in which 

the Neu5Ac metabolism nan operon was first defined [107]. Initially, five 

genes were identified: nanA (Neu5Ac aldolase), nanT (transporter), nanE 

(epimerase), yhcI (kinase, nanK), and yhcH (no function assigned yet). Other 

nan genes also regulated by the repressor protein NanR have been added to the 

original operon although located in two other operons. All the three operons 

are now known as the E. coli sialoregulon. This cluster is confined to 46 

bacterial species, 42 of which are mammalian colonizers [108, 109], including 

Bifidobacterium spp [110] and some Lactobacilli [109]. 

In order to metabolize Neu5Ac, bacteria rely on the free form released 

from glycoconjugates by sialidases produced either by the host or by 

microorganisms. According to this, two kinds of bacteria have been identified, 

those that are able to secrete sialidases into the medium and capture the free 

Neu5Ac (“Scavengers”) and those that are able to transport an oligosaccharide 

through its outer membrane, break it down into their sugar constituents and 

then, transport each sugar inside (“Swallowers”). An additional third type has 

been identified, describing those bacteria that reject Sia while using other 

sugars (“Spitters”) (Figure 4) [105]. 
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Figure 4. Types of bacteria according to the metabolism of Sia [105]. Picture shows 

how sialic acid or oligosaccharides pass through the outer membrane to the 

intermembrane space and which sugars are transported to the cytoplasm. Scavengers 

release Sia in the outside and transport it into the cell; Spitters transport 

oligosaccharides to the intermembrane space, where Sia is release and “spit” out of the 

bacteria, while the other sugars cross the inner membrane; Swallowers “swallow” the 

whole oligosaccharide to the intermembrane space, where glycosidases cut it into 

sugars which are transported inside the cell. 

The ability to metabolize and grow on sialylated glycans released from the 

intestinal mucosa undoubtedly constitutes an evolutionary advantage for the 

bacteria, but a serious issue for the newborn who is trying to thrive and 

develop its own mucosal architecture. It is worth mentioning here that the fetal 

intestine lacks the gradient of sialylation that can be found in the adult organ 

and this specific glycosylation starts being built after birth [90]. A continuous 

supply of mucosa-like structures, free in the luminal fluid –the HMOs- is not 

only convenient for the bacteria, which can use them as fuel without having to 

release it from the cellular glycoconjugates, but also for the baby, by keeping 

their cellular surface “safe and intact.” The benefits of a good supply of HMOs 

have been recently reported in a study showing that sialylated HMOs may be 

causally related with infant’s growth, since breast milk from mothers of 

healthy infants in rural Malawi contains higher amount of total and sialylated 

HMOs when compared to breast milk from mothers of stunted infants. When 

colonizing germ-free young mice or gnotobiotic piglets with the microbiota of 

these stunted infants, the authors reported a microbiota-dependent increase of 

weight gain and enhanced ability to use nutrients on those animals receiving 

sialylated milk oligosaccharides [111]. 

It is broadly accepted that microbiota contributes to the maturation of 

newborn immune systems, both innate and adaptive. During the first years of 

life, the different actors of immunity are developing, i.e., immunoglobulins, 

NK cells, Th1 cells, and B cells are not fully mature until age 3-5y. An 
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appropriate bacterial colonization determines the correct development of the 

immune system and may reduce the risk of allergies, obesity, and diabetes 

later in life [112]. In a follow-up study performed in normal weighed and 

overweight/obese children during 7 years, it was shown that normal weight 

children had higher counts of bifidobacteria at early age than those becoming 

overweight [113]. 

Moreover, microbiota has been described to play a role in 

neurodevelopment via a bidirectional communication between brain and gut 

through the brain-gut-microbiota axis. A well-documented example is autism 

spectrum disorders (ASD), which are commonly associated with 

gastrointestinal issues and an abnormal microbiota composition enriched in 

Clostridium, Bacteroides, and Desulfovibrio [114]. 

Thus, besides modulating this microbiome influence in other systems, Sia 

seems to play a direct role in the development of both immune and nervous 

system in the infant. We will address these topics on the next sections. 

 

 

SIA IN IMMUNE SYSTEM MATURATION 
 

As noted above, human newborns are quite altricial with regards to their 

immune system. During the fetal stage, cross-placental maternal antibodies 

provide the earliest defense and later human milk is also a vehicle of passive 

protection, as described below. However, this defense is transitory and 

neonate’s own immune system rapidly matures during the first months of life 

[115].  

Newborns have an impaired adaptive response, with a clear polarization 

towards Th2 responses, low numbers of effector memory T-cells and a poor B-

cell repertoire. This makes them more vulnerable to respiratory and intestinal 

infections. The innate immunity is also immature, exhibiting deficiencies in 

neutrophil numbers, NK cell cytotoxic capacity and IL production [116]. By 

contrast, inhibitory Treg cells are highly present in cord blood, which has been 

related to the downregulation of the fetal immune system during pregnancy in 

order to prevent abortion [117].  

During pregnancy, maternal antibodies (IgGs) cross the placenta since the 

13th week of gestation, and remain in the infant circulation until 3 months of 

age, providing an extra protection against pathogens [118] but also hindering 

specific response to infection and vaccination later in life [119]. 

After birth, breast colostrum and milk provide the babies with additional 

protection against infectious diseases while contributing to maturation of the 
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intestine and immune system [120]. In comparison to formula-fed infants, 

breastfeeding has been reported to improve the mucosal and systemic immune 

functions in the infants, as well as promoting an anti-inflammatory 

environment and inducing tolerance to non-pathogenic antigens, such as food 

antigens or commensal bacteria [120]. Beneficial effects of breastfeeding with 

regards to the prevention of infections in babies have long been recognized 

and demonstrated [121].  

Besides antibodies (IgG, IgM, and sIgA), human milk contains a variety 

of anti-microbial components, such as lysozyme, lactoferrin and 

lactoperoxidase, as well as other compounds that promote immune 

modulation, i.e., cytokines, nucleotides, and growth factors. Immune cells 

have also been found in breast milk [117, 122]. Main immune factors found in 

milk are listed in Table 1. 

 

Table 1. Components of human milk with  

immunological capacities [117, 122] 

 

Activity Milk Component 

Anti-microbial Immunoglobulins: sIgA, IgM, 

IgG 

Lactoferrin 

Lysozyme 

Lactoperoxidase 

Defensins 

Haptocorrin 

Complement 

sCD14 

Gangliosides♦ 

Mucins♦ 

α-lactalbumin 

κ-casein♦ 

Lactadherin 

Oligosaccharides♦ 

Fatty acids 

Toll-like receptors 

Cells: Neutrophils, 

macrophages, and 

lymphocytes 

Tolerance Cytokines: IL-10 and TGFβ 

Anti-idiotipic antibodies 

Immune 

modulation 

Macrophages 

T and B lymphocytes 

Cytokines: IL-2, IL-4, IL-5, 

IL-12, IFNγ 

LC-PUFA 

Bifidobacteria 

Growth factors: IGF-1 

Hormones: prolactin, leptin 

Peptides 

Nucleotides 

Gangliosides♦ 

Anti-

inflammatory 

Cytokines: IL-10, TGFβ 

IL-1R antagonist 

TNFα and IL-6 receptors 

Adhesion molecules 

Osteoprotegerin 

LC-PUFA 

Hormones and growth 

factors 

sCD14 

Lactoferrin 
♦ Components containing Sia. 
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Immune cells express Sia-binding proteins and also the sialylated 

counterparts, allowing the interaction between them. Thus, leukocytes rolling 

and migration to inflammation sites are mainly dependent on the interaction 

between selectins and their ligand, Sialyl-LeX epitope on membrane 

glycoproteins [123]. L-selectin expressed in leukocytes, and E-selectin from 

the endothelial surface, bind to the Sialyl-Le on the opposite cells allowing for 

rolling and arresting the circulating leukocytes at the targeted zone. In the 

same way, P-selectin on platelets plays an important role in the thrombus 

formation. 

Due to their abundance on the cell surface and negative charge, Sia rule 

the interaction between cells, i.e., between immune cells and pathogens, or 

immune cells and other body cells, governing the differentiation between 

“self” and “non-self.” Siglecs, sialic-acid binding immunoglobulin-like 

receptors, participate in this discrimination and contribute to the regulation of 

innate and adaptive immunity [124]. Siglecs are expressed on the surface of a 

number of immune cells, such as B cells, neutrophils, monocytes, NK cells, 

dendritic cells, and macrophages, but also in microglia in the brain [125]. 

We have previously mentioned that some bacterial species are able to 

decorate themselves with Sia for escaping the surveillance of Siglec-armed 

macrophages [126] and the complement system activation [127]. On the other 

hand, immune cells are able to recognize “alien” antigens on the cell surface 

and react against them. Neu5Gc in humans is a good example of a “non-self” 

molecule. Having lost the capacity for synthesizing Neu5Gc, humans are able 

to react against it and produce anti-NeuGc antibodies. It has been shown that 

human infants have anti-NeuGc IgM and IgG as soon as they are weaned and 

exposed to dietary Neu5Gc by 6 months of age [128]. 

In fact, a meat-rich diet has been postulated as the most plausible origin of 

the Neu5Gc that can be found in humans, being red meat and dairy products, 

including goat and sheep milk, the richest sources [129]. 

As cancer cells are able to express Neu5Gc on their surface, it has been 

hypothesized that this could explain the association of meat-rich diet with 

certain types of cancer [128]. An early exposure to Neu5Gc-rich food might 

increase the risk of developing malignancies later in life, but this hypothesis 

needs to be demonstrated. 

The role of milk sialylated compounds in the prevention of infection in 

infants is clearer and has been described by many authors. Milk 

sialoconjugates serve as decoys for pathogen bacteria and bacterial 

enterotoxins, preventing them for binding the intestinal mucosa [130]. Also, 

they can promote the growth of bifidobacteria and lactobacilli [131]. 
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Moreover, gangliosides have an effect in the activation of T cells, inducing the 

development of intestinal immunity by modulating the response of 

lymphocytes during early infancy [132]. 

 

 

SIA IN BRAIN AND COGNITIVE FUNCTION 
 

If we were asked to select a single organ in the body to talk about Sia, that 

would be undoubtedly the brain. Not only because Sia concentration in brain is 

one of the highest in the body organs [133], but mainly due to the key role 

Neu5Ac plays in several crucial functions of brain. And despite being very 

abundant in other organs of non-human mammals, brain contains scarce 

amounts of Neu5Gc [134]. Therefore, when talking about Sia in the brain we 

must refer almost exclusively to Neu5Ac. 

Neu5Ac content of human brain is 2-4 times higher than that of any other 

mammalian species [135], most of it bound to gangliosides (65%) or 

glycoproteins (32%) and little in free form [136]. There are some topological 

differences, thus Neu5Ac concentration in the left lobe is 22% higher than in 

the right lobe [135], being frontal cortex, cerebellar cortex, and caudate 

nucleus the areas with the highest concentration of gangliosides (Figure 5) 

[137]. Grey matter is 3 times richer in gangliosides than white matter and 

around 15-fold the amount present in visceral organs like liver or kidneys 

[138].  

 

 

Figure 5. Brain areas with the highest Sia concentration (based on Roukema and 

Heijlman [135] and Kracun et al. [136]). 
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Concentration of gangliosides in brain rapidly increases from the 10th 

week of gestation until age 4-5 years; beyond this age it remains stable until 

age 50y when it starts decreasing [139]. A peak around the 22nd week of 

gestation has been reported in frontal and occipital cortices, corresponding to a 

period of rapid synaptogenesis [140]. In the rat -and a similar trend could be 

expected in humans- simplest gangliosides such as GM3 and GD3 are 

predominant in early embryonic stages, while GD1a and GT1b prevail during 

the perinatal period and GM1 and GD1b increase their expression as the brain 

matures [141]. Thus, GM1, GD1a, GD1b, and GT1b are the main gangliosides 

in adult brain. During fetal stages, 9-O-Acetyl-GD3 has also been found in 

migrating neuroblasts of the subventricular zone [142]. 

Complex gangliosides are required for optimal myelin formation, 

interaction between axon and myelin, and axonal stability. Animal studies 

have demonstrated that a deficiency in some of these key components due to 

the disruption of expression of ganglioside-synthase genes was associated to 

impaired cognitive skills [143] and also to alterations in the formation of 

neural structures [144]. Due to their location in the lipid rafts of the plasma 

membrane of neural cells, gangliosides are able to interact with functional 

protein membranes involved in neural excitability and synaptic transmission 

[145-147] and, by extension, in memory formation and learning. It has 

recently been suggested that gangliosides modulate calcium homeostasis due 

to its interaction with the negatively charged residues of Neu5Ac bound to 

gangliosides [146] and its action on Ca2+ dependent enzymes, ion channels 

(kinases), ion pumps and transport proteins (Ca2+-ATPase) [148, 149]. Neurite 

outgrowth [150], neural cell differentiation [151], axonal sprouting and 

myelination [152], cell-cell communications and cell adhesion are functions 

currently assigned to gangliosides. Thus, brain gangliosides mediate the 

formation of synapses and neural circuits. Synaptic plasticity and changes on 

these neural circuits have been widely considered one of the major cellular 

mechanisms that underlie learning and memory formation. The process of long 

term potentiation (LTP) is regarded as one of the most important types of 

synaptic plasticity. In the last years, several studies have shown the effect of 

gangliosides in the expression of long-lasting activity-dependent synaptic 

modifications in response to stimuli in the CA3 hippocampal region [153]. 

Neu5Ac is also conjugated with glycoproteins, mainly in a polymeric 

form called polysialic acid (PolySia) made up of >90 units of Neu5Ac bound 

in α2-8. Over 95% of PolySia in the brain is linked to NCAM, but there are 

other polysialylated proteins, i.e., SynCAM and Neuropilin-2 [141]. PolySia is 

regulated during brain development via changes in the expression of the two 



Maria J. Martin and Elena Oliveros 20 

sialyltransferases responsible for its synthesis, ST8Sia-II and ST8Sia-IV. 

PolySia starts to be detected around the 3rd-4th weeks of gestation, by the time 

of neural tube closure and increases its expression being maximal the first 

week after birth, then dropping by 50% during childhood [154]. PolySia has 

been associated with cell migration, neurite outgrowth and fasciculation. 

Conversely, downregulation of PolySia induces differentiation and it is a 

prerequisite for optimal myelin formation. NCAM is characterized by being 

highly polysialylated at pre- and postnatal stages in different cerebral 

structures like glial cells, optic nerve, neuroblasts, postmitotics neurons, retinal 

ganglion cell axons or astrocytes [155]. 

In adults, PolySia expression has been found in areas that retain 

neurogenesis, such as the dentate gyrus of the hippocampus, the olfactory 

system, and some subventricular zones [156, 157].  

One of the most important roles assigned to PolySia is the modulation of 

the adhesion ability of NCAM. Thus, a high rate of polysialylation implies that 

neural cells are not able to adhere to each other or to other cells due to the 

repulsion of negatively charges of Sia chains and the steric hindrance. Thus, 

PolySia can act as an antiadhesive glycotope blocking both homophilic and 

heterophilic binding [141, 146]. 

As described above, PolySia has functional roles enhancing neural 

migration, neurogenesis and synaptic connections [156]. Presynaptic cells 

seem to establish more synapsis with those postsynaptic neurons expressing 

NCAM than with those that not expressing it [152]. PolySia also promotes 

sprouting and branching of axons.  

Different studies have highlighted that PolySia-NCAM is able to enhance 

LTP [156]. In fact, the complex formed by PolySia and the brain-derived 

neurotrophic factor (BDNF) seems to have a key role in synaptic plasticity and 

neurogenesis [158]. 

Finally, another nervous system cell adhesion molecule, the myelin-

associated glycoprotein (MAG), binds to sialylated glycoconjugates like 

gangliosides [159]. MAG is mainly bound to two types of gangliosides, GD1a 

and GT1b. This glycoprotein is thought to promote the inhibition of neurite 

outgrowth [152] and this function is reversed when MAG is desialylated; for 

this reason gangliosides have been considered as functional MAG ligands 

[160]. 
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Preclinical and Clinical Studies at Early Age in Relation to 

Cognitive Skills 
 

As stated before, the brain rapidly grows at the embryonic and postnatal 

stages. Dietary Neu5Ac can be taken up during key stages in order to cover 

extra requirements. Several preclinical studies with rodents and piglets have 

demonstrated that Sia is able to cross the blood brain barrier (BBB) from the 

bloodstream by diffusion and also through a carrier-mediated process and thus 

reach the brain to be incorporated into gangliosides and PolySia [161, 162]. 

Therefore, a deficient food intake by the mother or the newborn could lead to a 

shortage of key ingredients in the formation of essential neural structures, 

compromising a suitable cognitive development of the baby. This is especially 

important in preterm infants, who are usually at an increased risk of not 

receiving the required amount of Sia for a proper neurodevelopment. 

Different animal studies have been performed in the last decades in order 

to assess the role of Sia in the development of cognitive skills. 

The effect of an exogenous administration of Sia at postnatal age on 

learning and memories abilities has been more widely studied in rodents 

despite the limitations of this animal model. The difficulty in starting Sia 

supplementation just after weaning or the stress that this intervention usually 

causes to rat pups are some of the disadvantages of using this model. 

Regarding the source of Sia administered in these studies, both conjugated 

forms like gangliosides [163-165] and free Neu5Ac [166, 167] have been 

used. The most common via of administration in these studies were 

intraperitoneal or subcutaneous injections while oral supplementation has 

seldom been used. 

The most conclusive work was conducted by Morgan et al., demonstrating 

that an improvement on the animal behavior after weaning and at 6 month of 

age was associated to an increased amount of Sia in the brain of the rats that 

received Neu5Ac [166]. 

Mei and Zheng also demonstrated that intraperitoneal injections of bovine 

brain gangliosides in neonatal, adult or aged rats were able to improve the 

cognitive function [168]. 

In 2009, Vickers et al. confirmed that rats orally supplemented with a 

ganglioside-containing bovine complex milk lipid (CML) from neonatal day 

10 until postnatal day 80 had better scores in novelty recognition and spatial 

learning tasks [169]. In this case, the behavioral effect observed cannot be 

exclusively assigned to gangliosides since CML also contains other milk 

components like phospholipids or fatty acids [153].  
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Supplementation to pregnant and lactating rats has also been performed to 

test the possible effects of Sia on the offspring behavior [170, 171]. Thus 

Hiratsuka et al. have recently demonstrated that feeding Neu5Ac during 

pregnancy and lactation in n-3 fatty acids deficient dams improved the 

recognition index in a novel recognition task performed in pups after weaning 

[170]. 

Piglets have been suggested as the closest animal model to human infants 

due to their resemblance in development and brain growth [156, 172]. Wang et 

al. performed a study using casein-glycomacropeptide as the source of 

Neu5Ac and gave it to the piglets in increasing amounts for 35 days [172]. 

Learning performance and memory was better in the group of animals that 

received the higher doses of Sia. 

In 2013, Li et al. [173] also used a piglet model to test the effects of 

phospholipids and gangliosides on brain and cognitive development. For that 

purpose, a phospholipid/ganglioside supplement was given to the animals from 

postnatal day (PD) 8 to PD28. An improvement of spatial learning and higher 

weights of brain were observed in those neonatal piglets fed the supplement. 

Due to ethical reasons, there are few human studies carried out to test the 

effects of oral Sia administration on humans cognitive performance. Most of 

them are indirect clues supporting that Sia may be relevant for cognitive 

development in infants. Hence, a study published in 2003 demonstrated that 

breast-fed babies showed higher amounts of Sia in brain when compared to 

formula-fed ones [138]. In fact, several studies have shown the influence of 

breastfeeding on the development of enhanced cognitive skills in children 

[174]. The most widely accepted hypothesis attributes this effect to certain 

components of human milk, such as Neu5Ac and DHA [175]. However, this 

hypothesis has not been demonstrated yet due to the complexity of human 

milk composition and the difficulties to design an ethically acceptable trial to 

prove it. Besides, other aspects such as maternal education, socioeconomic 

status, and mother-baby interaction during breastfeeding, are powerful 

cofounding variables to take into account. 

Recently, it has been published one clinical trial led by Xu et al. that 

aimed at testing the effects of an oral administration of a mixture of 

gangliosides (GM1a, GD1a, GD1b and GT1b) on the brain functions of more 

than 2000 children with cerebral palsy [176]. The results showed that 

gangliosides administration was able to improve the neurological symptoms 

that feature in this disorder. However, this study has been published in Chinese 

and details on the design are not known to us. Therefore, similar clinical trials, 
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performed in other populations and more widely disseminated, might 

contribute to clarify the true role of Neu5Ac on cognition. 

 

 

CONCLUSION 
 

Sialic acids are “special” sugars. Due to their chemical structure, their 

charge, their position in the glycan chains, the variety of substitutions that 

constitue the family, they clearly surpass the biological capabilities of other 

sugars like glucose and galactose. Briefly, there are very few biological 

processes in which sialic acids are not involved to some extent. In this review, 

we have revisited sialic acid roles from the beginning of a new being through 

development and how sialic acids are involved in the onset of some chronic 

diseases such as diabetes. We have described the relationship between the host 

and the gut microbiota from a “sialylated” perspective and also summarized 

the key role of sialic acid in immunity as well as in neurogenesis and cognitive 

functions. 

Sialic acid supply during early postnatal development has been shown to 

be paramount for the establishment of the neuron circuitry that ensures proper 

and adequate brain functions in later stages. Sialylated compounds also 

contribute to the establishment of the “appropriate” microbiota after birth that 

will predate a normal and healthy microbiota in the adult. These two are the 

clearest examples of the relevance of sialic acid in the early life for 

safeguarding health during adulthood. We can speculate that other sialic acid-

mediated functions will also be influenced by the initial exposure to sialic 

acids, but this remains to be demonstrated. Proclaiming Sia as hero or villain is 

still afar. 
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