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Abstract 

Protein glycosylation is a post-translational modification consisting of the enzymatic attachment 

of carbohydrate chains to specific residues of the protein sequence. Several types of 

glycosylation have been described, with N-glycosylation and O-glycosylation being the most 

common types impacting on crucial biological processes, such as protein synthesis, trafficking, 

localization, and function. Genetic defects in genes involved in protein glycosylation may result 

in altered production and activity of crucial proteins, with a broad range of clinical 

manifestations, including dyslipidemia and atherosclerosis. A large number of apolipoproteins, 

lipoprotein receptors, and other proteins involved in lipoprotein metabolism are glycosylated, 

and alterations in their glycosylation profile are associated with changes in their expression 

and/or function. Rare genetic diseases and population genetics have provided additional 

information linking protein glycosylation to the regulation of lipoprotein metabolism.  
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Introduction 

Biological systems rely upon post-translational modifications (PTMs) to widen the structural 

heterogeneity of proteins. Glycosylation is one of the major protein PTMs, which consists in the 

covalent attachment of glycan moieties to proteins. This process affects a wide range of 

biological processes, including protein folding, processing, and secretion as well as protein 

function, by regulating key processes, such as protein intracellular/cell surface localization, cell 

adhesion, self/non-self-recognition, molecular trafficking, receptor activation, and endocytosis.1, 

2 

Protein glycosylation includes i) N-glycosylation, which occurs on an asparagine residue (Asn) 

when present in the motif Asn-X-Ser/Thr (where X is any aminoacid, except proline); ii) O-

glycosylation, which occurs on serine (Ser) or threonine (Thr) residues; iii) addition of long 

chain sugars to a core protein forming glycosaminoglycans (also known as proteoglycans).3 

Although the interaction of lipoproteins with proteoglycans plays a key role in lipoprotein 

retention in the arterial wall, the description of glycosaminoglycan biology goes beyond the 

scope of this review and will not be addressed here. Also C-mannosylation, which usually 

occurs at the first tryptophan (Trp) in the consensus aminoacid motif Trp-X-X-Trp and 

glypiation, the attachment of glycosylphosphatidylinositol (GPI) to proteins where the glycan 

core structure has a phospholipid tail, exist but will not be covered in this review.  

The most abundant type of glycosylation is N-glycosylation, which is present in secreted and 

membrane-bound glycoproteins (Figure 1). This process starts in the endoplasmic reticulum 

(ER), where the glycan core, composed of 14 glycan residues is transferred from a dolichol-

linked oligosaccharide to the nascent protein.4 This is followed in the ER by the sequential 

trimming of glycans to result in the desired protein folding and by quality control by interaction 

with ER chaperones (calreticulin/calnexin), that recognize specific features of the trimmed N-

glycans. During this step, mature ER glycoproteins with either eight- or nine-mannose residues 

are transferred from ER to Golgi apparatus, where a series of glycosidases and 

glycosyltransferases remodel N-glycoproteins generating glycoproteins in the oligomannose 

form (where terminal glycan is mannose), complex form (where the terminal glycan is sialic 
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acid, also known as N-acetylneuraminic acid), and hybrid form (combination of the first two 

types) (Figure 1).3, 4 

 The second common form of glycosylation is O-glycosylation, which occurs mainly in the Golgi 

apparatus through the action of N-acetylgalactosamine transferases (GALNTs).5 This pattern of 

glycosylation is present in mucous secretions and transmembrane glycoproteins of the cell 

surface with the glycan exposed to the external environment. O-glycosylated proteins are 

involved in cell recruitment, cell interaction and activation of immune response. 

Alterations in glycosylation patterns associate with a number of pathological conditions, which 

may include dyslipidemias and, as a consequence, atherosclerosis. This has been mainly 

appreciated when plasma lipid profile and cardiovascular outcomes were investigated in 

subjects with genetic defects of glycosylation.6 Furthermore, genome wide association studies 

(GWAS) identified several loci in glyco-genes7-9 that impact plasma lipids and lipoproteins, 

raising the question of how alterations in apolipoprotein and lipoprotein receptor glycosylation, 

by affecting their expression and/or function, might impact on lipid metabolism and, perhaps, 

cardiovascular disease risk. It is also noteworthy mentioning that, among plasma proteins, 

glycosylation pattern of immunoglobulins G changes with age, with some traits being 

associated with an increased cardiovascular risk.10 Whether ageing might play a role also in 

lipoprotein (as well as lipoprotein-related proteins) glycosignature remains to be addressed. 

Nevertheless, increased plasma total sialic acid (TSA, bound and free) was suggested as 

possible marker of atherosclerosis and CVD in the general population: two large studies with 

long follow-up have shown that high serum levels of sialic acid are an independent risk factor 

for CAD.11, 12 However, this aspect needs to be fully elucidated, as conflicting results have been 

reported in patients with CAD: some studies have proposed a positive relationship between 

plasma TSA levels and coronary artery disease severity,13, 14 or, as alternative, a relation with 

complications of CAD rather than with CAD severity,15 while other studies have failed to find 

such a relationship.16, 17 

Although the importance of glycosylation in modulation lipoprotein functions is recognized, a 

comprehensive discussion on how and whether changes in their glycosylation pattern play a 
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role in atherosclerosis and cardiovascular disease is lacking. Aim of this review is to discuss 

genetic evidences linking changes in protein glycosylation with alterations in plasma lipid 

profile and atherosclerosis, and discuss protein glycosylation processes that affect 

proteins/enzymes involved in lipoprotein metabolism and/or function, lipoprotein receptors 

and, whenever known, their potential relevance in atherosclerosis. 
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Insights from inherited disorders of protein glycosylation and dyslipidaemias 

Congenital disorders of glycosylation  (CDGs) are a group of rare genetic disorders that affect 

protein and lipid glycosylation, and are usually clustered in two main groups: CDG type 1 

(CDG-I), encompassing 22 defects in genes associated with assembly (DLO synthesis and glycan 

transfer) and CDG type 2 (CDG-II), which includes defects of the protein-bound oligosaccharide 

chain processing 18 (Figure 1, Table 1). Due to the high impact of N-glycosylation on protein 

maturation, folding, and function, carriers of CDG present with a wide spectrum of symptoms 

and disease severity, with mostly neuromuscular deficits. The most frequent protein N-

glycosylation disorders are PMM2-CDG, MPI-CDG, ALG6-CDG and ALG1-CDG. 

Of note, CDG-I patients also present hypocholesterolemia as an associated phenotypic trait.19-23 

Indeed, CDG-I patients with mutations in phosphomannomutase 2 (PMM2-CDG) or in 

asparagine-linked glycosylation protein 6 (ALG6-CDG) present with LDL-C and apoB plasma 

levels below the 5th percentile of the general population (Table 1).24 Their clinically unaffected 

heterozygous relatives also present with reduced LDL-C and apoB compared to age- and sex-

matched controls.24 In vitro studies with hepatocytes and fibroblasts from PMM2-CDG or ALG6-

CDG patients showed an increased LDLR expression due to an increased SREBP2 (sterol 

receptor element binding protein 2) expression independently of cellular ER stress,24 thus 

suggesting a possible mechanism for the observed hypocholesterolemia. In another cohort of 

eight PMM2-CDG patients, defective N-glycosylation impacted PCSK9 N-glycosylation status 

and reduced PCSK9 plasma levels, thus potentially increasing LDLR expression and 

contributing to lower LDL-C levels in CDG-I patients (Table 1).25 The latter observation is 

controversial, as in another group of CDG-I patients, PCSK9 plasma levels were similar to those 

of matched controls.24 Further studies are required to clarify the molecular mechanisms 

underlying hypobetalipoproteinaemia in CDG-I patients. 

Among CDG-II diseases (Table 1), patients with loss-of-function mutations in ß-1,4-galactosyl 

transferase (B4GALT1-CDG) present with lower non-HDL-cholesterol and larger HDL particles 

and, as described later, hypoglycosylated cholesteryl ester transfer protein (CETP), which may 

affect HDL metabolism.26 
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Another important group of glycosylation defects impacting on metabolic diseases are those 

influencing Golgi homeostasis and intracellular trafficking.27 Mutations in CCDC115 and 

TMEM199 proteins have been associated with N- and mucin-type O-glycosylation disorders 

(Table 1). A storage-disease like phenotype with hepatosplenomegaly, steatohepatitis with 

fibrosis potentially leading to liver failure and marked hypercholesterolemia is present in 

patients with CCDC115 mutations.28 Affected patients showed abnormal N- and O-

glycosylation of plasma proteins, which was confirmed in patient fibroblasts and rescued by 

lentiviral transfection with wild-type CCDC115.28 Similarly, individuals with mutations in 

TMEM199 present with mild hepatic steatosis and hypercholesterolemia. Their serum 

glycosylation pattern was similar to that observed in other Golgi homeostasis defects,29, 30 and 

metabolic labelling of glycans in patient fibroblasts confirmed Golgi glycosylation disorders, 

which were restored by complementation with wild-type TMEM199.31 

Also deglycosylation diseases, such as NGLY1 deficiency, are included in the CDG disease 

spectrum. Interestingly, NGLY deficiency results in a dyslipidemic profile32 (Table 1). NGLY1 

encodes N-glycanase 1, an enzyme involved in the degradation of misfolded N-glycoproteins.32 

Subjects with N-glycanase 1 deficiency present with marked hypocholesterolemia, as well as 

hepatic steatosis and elevated transaminases.33 The molecular mechanisms linking 

deglycosylation defects to lipid metabolism are not yet fully understood and are under 

intensive investigation.24, 26 

Beyond CDGs affecting lipid metabolism, GWAS have identified variants in genes related to 

glycobiology, which associate to changes in plasma lipid profile (Table 1). Among them, 

variants in GALNT2 (N-acetylgalactosaminyltransferase 2), which transfers an N-

acetylgalactosamine (GalNAc) to specific Ser or Thr residues (the first step of O-linked 

glycosylation process), were shown to impact HDL-C and triglycerides (TG) plasma levels. 

Although contrasting findings have been reported, a detailed analysis of loss-of-function 

variants in humans and experimental models of GALNT2 deficiency in mice reported that 

impairment of GALNT2 lowers HDL-C levels.34-36 As described below, this phenotype appears 

to be the consequence of altered O-glycosylation of plasma phospholipid transfer protein 

(PLTP), ANGPTL3 (angiopoietin-like 3) and apolipoprotein C-III (apoC-III).35 Of note carriers 
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had normal blood tests including protein spectrum, platelet aggregation, and plasma 

coagulation assays; as well as no signs of preclinical atherosclerotic lesions as determined by the 

intima-media thickness of the carotid.34 

Another key protein for glycobiology, which emerged through genetic studies, is the 

asialoglycoprotein receptor (ASGPR) (Table 1). This is a highly conserved hepatic receptor that 

facilitates the uptake of desialylated glycoproteins (with a terminal N-acetylgalactosamine or 

galactose).6 Desialylation of glycoproteins occurs through the action of plasma or membranous 

sialidases and makes them prone to removal from circulation by the ASGPR. A genetic variant 

(12-base-pair (bp) deletion (del12) in intron 4) in ASGR1, the major subunit of the ASGPR, was 

reported to be associated with a significant reduction in non-HDL-C levels (9%) and a reduced 

risk of coronary artery disease (34%).37 The del12 mutation is predicted to cause a frameshift 

and premature stop codon and indeed, when the mutated form was overexpressed in HeLa 

cells, no protein product was found.37 Alkaline phosphatase and haptocorrin, a vitamin B12 

transporter, are asialylated glycoproteins that are cleared from the circulation through binding 

to ASGPR; heterozygous carriers of ASGR1 del12 mutation have higher levels of circulating 

alkaline phosphatase and vitamin B12, confirming that the clearance of desialylated molecules 

from the circulation is compromised.37  

The reduction of non-HDL-C levels might be due to a more stable LDLR expression on liver 

cells of patients with reduced hepatic ASGPR abundance,37 thus suggesting that lowering 

ASGPR expression or inhibiting its function may be an approach to reduce LDL-C and 

cardiovascular risk. This mechanism has been suggested since LDLR and ASGPR are both 

located in clathrin-coated pits and ASGPR may promote the internalization of the LDLR after 

desialylation. However, in the study by Nioi, the beneficial effect of ASGR1 del12 variant on the 

risk of coronary artery disease exceeds that expected by its effect on non-HDL-C levels (6%); 

this suggested that the observed atheroprotective effect goes beyond the lowering of circulating 

cholesterol levels and might also be related to other processes impacting atherosclerotic plaque 

development.37 Since ASGR1 has also been implicated in platelet homeostasis, a recent study 

evaluated platelet function in heterozygous ASGR1 del12 carriers and controls and found no 

difference.38 In addition, compilation of a genetic risk score with three common ASGR1 variants 
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in the UK Biobank found the ASCVD risk reduction to be proportionate to the LDL-C plasma 

level reduction.38 

Taken together, insights from rare genetic diseases and population genetics have recently 

provided valuable new information linking protein glycosylation to lipoprotein metabolism. 

This appears to occur at different levels as a consequence of the key role of glycosylation on the 

function of apolipoproteins, lipoprotein receptors and remodelling enzymes. 
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Impact of glycosylation on apolipoproteins, lipoprotein receptors and remodelling enzymes 

In this section we discuss how glycosylation influences the expression and/or function of 

lipoproteins; this will involve not only structural apoproteins, but also protein/enzymes and 

receptors playing a crucial role in lipoprotein metabolism and function. Data linking these 

alterations with abnormal plasma lipid profile and atherosclerosis are also discussed. 

Proteins within lipoproteins, indeed, are highly glycosylated, with sialic acid being the 

predominant terminal residue in several molecules, including apoB,39, 40 apoC-III,41 apoA-I,42 and 

apoE.43 The removal of sialic acid from the protein moiety of lipoproteins, a process known as 

desialylation, may occur under pathological conditions, leading to altered lipoprotein 

metabolism and function.44-46 For instance, the treatment with neuraminidase (a sialidase 

responsible for sialic acid removal) generates a “desialylated”–LDL particle, which is taken up 

both by scavenger receptors and galactose-specific lectin receptors recognizing terminal 

galactose residues that are exposed after desialylation, thus resulting in intracellular cholesteryl 

ester accumulation.46-48 Similarly, the treatment of HDL with neuraminidase may result in the 

impairment of reverse cholesterol transport49 and reduced cholesterol esterification rate 

mediated by LCAT.48 In addition, lipoprotein desialylation may induce a faster CETP-mediated 

cholesteryl ester transfer from HDL to LDL, resulting in increased cholesterol content in LDL.49 

These observations have suggested that the apolipoprotein glycome, as well as lipoprotein 

receptor glycome, may play a relevant role in the metabolism and biological properties of LDL, 

Lp(a), HDL, and TG-rich lipoproteins (Figure 2).  

 

LDL, apolipoprotein B and LDLR 

Apolipoprotein B100 (apoB), the main structural apoprotein of VLDL and LDL, contains several 

potential N-linked glycosylation motifs (Asn-X-Ser/Thr), 16 of which are glycosylated. The 

amount of carbohydrates present on apoB ranges from 5% to 9% by protein weight;50 all 

carbohydrate chains contain complex N-linked glycans with sialic acid as terminal residue 

linked to galactose, N-acetylglucosamine and mannose (Table 2).50 ApoB glycosylation is 

required for the proper folding of the nascent peptide, the stabilization of mature protein 
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conformation, and, as a consequence, plays an important role in the assembly and secretion of 

VLDL particles.51 

Of note, among glycosyltransferases, GLT8D2 was found to increase apoB N-glycosylation and 

reduce apoB misfolding and proteasomal degradation, thus increasing apoB levels in 

hepatocytes,52; on the contrary, the inhibition of N-linked glycosylation results in a faster protein 

degradation.51, 53 

Seven of the N-glycosylation sites on apoB are predicted to be close to the region involved in the 

binding with LDLR, which may suggest a relevant functional role; on the other hand, the 

composition of carbohydrates, and in particular the sialylation degree, contributes to 

determining the atherogenicity of LDL:54 indeed, desialylation of LDL increases particle 

internalization by several cell types, and also hepatic clearance via ASGR1.54 Overall, 

desialylated-LDL have a smaller size, an increased electronegative charge, and a higher 

propensity to undergo oxidative modifications, which may result in altered physico-chemical 

properties and metabolism.55, 56 This might contribute to increase the cellular uptake of these 

particles and lipid accumulation,44-46, 57, 58 likely due to the interaction of desialylated-LDL with 

receptors other than LDLR, such as scavenger receptors, and also with cell surface 

proteoglycans in cells other than hepatocytes.46, 55 

Although the protein moiety of LDL isolated from blood of patients with coronary or carotid 

atherosclerosis contained similar amounts of glucosamine, galactose, and mannose, sialic acid 

ratio per apo B was reduced as compared to healthy donors,59, particularly in very dense LDL 

subfraction.60 An increased activity of sialidases may be responsible for the lower sialic acid 

content in LDL particles from CAD patients, which appears related to the severity of CAD.61 In 

agreement with these observations, neuraminidase-1 knockdown protects cardiomyocytes from 

ischemic injury in vitro and in vivo61 and hypomorphic sialidase expression reduces serum 

cholesterol levels, inflammation and atherosclerosis in apoE knockout mice.62 In humans, 

however, ASGR1 deficiency, which results in increased circulating levels of asialylated proteins, 

is associated with lower levels of circulating apoB-containing lipoproteins and reduced risk of 

coronary artery disease.37 The reason for this discrepancy still needs to be explored. 
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LDLR, by binding LDL, is the major regulator of circulating LDL-C levels; it is a glycoprotein, 

and glycosylation plays an essential role in determining its activity. The protein is initially 

synthesized as an N-glycosylated precursor then converted to its mature form by sequential O-

glycosylation. Several N-glycosylation sites have been identified on LDLR, with the Asn272 site, 

localized in the linker region between LA (LDLR class A) repeats 6 and 7 (where no O-

glycosylation was observed) being highly conserved (Table 1).63 N-glycosylation is essential for 

the normal production of LDLR; the inhibition of this process results in a significant reduction 

of the number of LDLR cell surface molecules, likely due to an increased degradation of non-

glycosylated receptors.64 Some loss-of-function mutations in the LDLR gene result in a severe 

familial hypercholesterolemia (FH) phenotype as a consequence of LDLR retention in ER and 

proteasome-mediated degradation due to altered glycosylation profile and protein misfolding.65 

On the other hand, O-glycosylation (Table 2) is critical to achieve a stable LDLR cell surface 

expression,66, 67 and to enhance the binding affinity and uptake of LDL and VLDL.68 Sialylation 

of LDLR plays a role in the stability of receptors expression,69 and, accordingly, hypomorphic 

sialidase mice have more stable LDLR expression accompanied by more LDL uptake.70 

The mechanism by which O-glycosylation regulates LDLR binding and uptake capacity is still 

unclear; it has been proposed that sialylated O-glycans, by increasing the negative charges of 

the conserved aspartic acids in the LA repeats or by inducing a conformational change, may 

result in a more favourable 3D binding structure.68 In line with this, loss of O-glycosylation in 

the N-terminal region of LDLR results in reduced LDL binding and uptake.71, 72  

 

Lp(a)  

Lp(a) is a lipoprotein composed of an LDL particle in which apoB is covalently linked by a 

single disulfide bond to apolipoprotein (a) (apo(a)), a multikringle domain glycoprotein. Lp(a) 

levels are genetically determined and represent an independent and causal risk factor for 

atherosclerosis.73 Apo(a) is a highly polymorphic glycoprotein, due to variations in kringle IV 

type 2 repeats;74 one major post-translational modification of nascent apo(a) is glycosylation, 

resulting in a 28% of protein weight determined by carbohydrates.75 Both N-linked and O-
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linked glycosylation sites have been identified (Table 2), with sialic acid being the predominant 

carbohydrate (38%), followed by galactose (27%), mannose (10%), galactosamine (17%), 

and glucosamine (13%). Overall, in Lp(a) the carbohydrate content of apo(a) is 3 to 6-fold 

higher than that of apoB.75, 76 As the addition of N-linked glycans occurs in the ER, it is likely 

that alterations in the glycosylation might affect the kinetic rate at which apo(a) is processed 

through the secretory pathway. Thus, despite non-glycosylated apo(a) still appears competent 

to associate with LDL-apoB, N-linked glycosylation of apo(a) is necessary for normal 

intracellular processing and its inhibition results in the inhibition of Lp(a) assembly.77 

Apo(a) is also O-glycosylated (Table 2) (mostly with monosialylated core type 1 structure) in the 

kringle IV linker domains,78 which are enriched in Ser and Thr residues; thus, every additional 

kringle IV type 2 repeat in apo(a) contributes one branched N-glycan and six O-glycan chains.79 

O-glycans seem to play an important role in maintaining the stability of apo(a) by conferring 

resistance to proteolysis, thus potentially limiting the extent of proteolytic fragmentation of 

apo(a) and its accumulation in atherosclerotic lesions, where it may promote thrombogenesis.79  

 

High-density lipoproteins and related proteins 

Many of the proteins carried by HDL particles, including apoA-I, apoA-II, and apoCs, are 

potentially glycosylated.80 Both N- and O-linked glycosylation have been detected in HDL-

associated glycoproteins.43, 81 Overall, proteins found in HDL present a different glycosylation 

pattern compared to that found in bulk plasma, suggesting that a differential glycan specificity 

might control HDL protein recruitment and function.81 

HDL isolated from patients with cardiovascular disorders exhibit not only a different protein 

composition compared with those isolated from healthy subjects (being enriched in apoC-III, 

serum amyloid A (SAA) while depleted of paraoxonase and apoA-I),82 but also differ for protein 

glycosylation profile. HDL from CAD subjects have lower apolipoprotein content (including 

ApoA-I, ApoA-II, and apoE) than non-CAD subjects, but sialylated glycans are significantly 

higher.83 It is unclear whether different characteristics (CAD subjects were older and had higher 

TG and BMI) are responsible for difference in HDL proteome and glycome between the two 
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populations.83 Compared to healthy controls, individuals with metabolic syndrome and diabetic 

patients on hemodialysis exhibit different HDL protein glycosylation patterns, with apoC-III, 

apoE and SAA4 glycosylation status being reduced.84, 85 

ApoA-I, the major apoprotein of HDL, is both N- and O-glycosylated (Table 2), with increased 

levels of glycosylated forms observed in the first three days after acute myocardial infarction.42 

Protein O-GlcNAc transiently increases under different diseased conditions to improve 

tolerance to stress; accordingly O-GlcNAc formation improves cardiac cell survival and 

function after acute myocardial stress conditions, whereas inhibition of O-GlcNAc generation 

decreases myocardial cell survival.86 Patients with acute myocardial infarction present increased 

levels of O-GlcNAc apoA-I forms associated with decreased troponin T and C-reactive protein 

levels, thus potentially suggesting a protective role.42 However, the causal link between the 

apoA-I glycosylation profile and post-acute disease evolution of AMI-patients is still lacking 

and deserves further investigation. 

ApoA-II does not contain consensus sequences for N-linked glycosylation, and in plasma it is 

not significantly glycosylated. However, apoA-II can undergo O-glycosylation (Table 2) and the 

sialylation degree appears to determine the distribution of apoA-II among HDL subfractions: 

sialylated apoA-II appears to bind preferentially smaller HDL3 particles rather than larger 

HDL2.87 HDL particles enriched in apoA-II are catabolized slower and are less effective in 

promoting cholesterol efflux, and thus, changes in apoA-II glycosylation status in response to 

various metabolic conditions may also impact HDL metabolism and function.87 

ApoE plays an essential role in HDL biology and exists as multiple glycosylated and sialylated 

forms; newly synthesized apoE is highly sialylated, whereas 75-80% of plasma apoE is not. 

ApoE does not contain the consensus sequence required for N-linked glycosylation, and 

carbohydrate residues are initially attached to apoE via an O-linkage to Thr194 (Table 2).88 

Although this modification does not affect protein secretion,88, 89 O-glycosylation critically 

contributes to an initial and essential conformational change for further apoE glycosylation at 

Ser290 at the C-terminus.90 Since the C-terminal domain plays a relevant role in regulating apoE 

solubility, stability and lipid binding capacity, alterations of glycosylation at these sites might 

have important implications in apoE function.90 More recently, it was reported that apoE has 4 
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additional mucin-type O-glycosylation sites, with glycans ranging from simple GlcNAc to 

biantennary structures containing both fucose and sialic acid.91 Low molecular weight apoE 

present on the cell surface is modified to higher molecular weight apoE by the addition of sialic 

acid residues prior to secretion.92 Once secreted, sialytated apoE is further desialylated by 

neuraminidase activity at the macrophage surface, thus generating low molecular weight apoE 

glycoforms.90 

In plasma, apoE is associated with lipoproteins, mainly HDL (30-50%), followed by VLDL (25-

50%) and LDL (10-25%) and mediates their catabolism through the interaction with hepatic and 

extrahepatic apoB/E receptors. ApoE in HDL plays a major role in the removal of cholesterol 

from peripheral tissues back to the liver for excretion and the modulation of immune cells 

function.93-95 How apoE glycosylation affects protein structure and/or function and, as a 

consequence, lipoprotein function, is still unknown. However, desialylation of apoE decreases 

its affinity for HDL,96 which appears to translate into an impaired ability of HDL to deliver 

esterified cholesterol to the liver, thus suggesting a functional alteration. 

 

Proteins involved in HDL metabolism 

LCAT. Lecithin:cholesterol acyltransferase (LCAT) is the enzyme responsible for the 

esterification of free cholesterol and plays a critical role in regulating the composition and levels 

of circulating HDL. Its carbohydrate content has been estimated to be 25% of the total protein 

mass; four potential sites for N-linked glycosylation have been identified (Table 2).97 Blocking N-

glycosylation of LCAT was shown to affect its enzymatic activity but not protein secretion,98 

indeed, loss of carbohydrate at position Asn20, Asn84 or Asn272 resulted in a reduced enzymatic 

activity (by 18 %, 82% and 62%, respectively); while lack of glycosylation at position Asn384 

results in an increased enzymatic activity97 (Figure 2). LCAT also contains two O-linked 

glycosylation sites at Thr407 and Ser409, both containing sialic acid residues, whose functional 

relevance to date is unknown.99, 100  

CETP. Cholesteryl ester transfer protein (CETP) is a plasma protein that mediates the transfer of 

cholesteryl esters (CE) and TG between HDL and VLDL/LDL. CETP is highly glycosylated and 
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has four predicted N-linked glycosylation sites (Table 2), to which sialic acid as terminal 

residues is attached.101 Patients with B4GALT1-CDG, a congenital disorder affecting 

galactosylation of N-linked glycans, show hypoglycosylated CETP, accompanied by a 

significant reduction of CETP activity (26% lower than control subjects), which translated into 

lower levels of non-HDL-C and the presence of larger HDL particles26 (Figure 2 and table 1). 

In plasma, CETP is present in two forms, which differ for the presence or absence of N-linked 

glycosylation at Asn341; with the form lacking carbohydrate chain showing a 40% higher 

activity.101, 102 Changes of the ratio between these two protein forms under pathological 

conditions, such as dyslipidaemias, might affect plasma CETP activity.101, 102 

PLTP. PLTP is a plasma glycoprotein that facilitates the transfer of phospholipids from apoB-

containing lipoproteins to HDL, thus playing a role in lipoprotein remodelling and HDL 

metabolism.103 Several studies have reported a positive correlation between plasma PLTP 

activity and cardiovascular disease;104 one potential mechanism linking PLTP to CVD is the 

positive association of plasma PLTP activity with TG and apoB levels,104 suggesting that factors 

that can modulate PLTP levels and/or activity might also have clinical implications. PLTP 

contains six putative N-glycosylation sites and five O-glycosylation sites105 (Table 2). The 

inhibition of N-glycosylation dramatically reduces PLTP secretion owing to the fact that the 

non-glycosylated form of PLTP is actively degraded intracellularly.106, 107 Studies with PLTP 

mutants, in which each of the putative N-glycosylation site had been removed by replacing a 

serine with an alanine, showed that all 6 potential N-linked sites are utilized; however, no single 

N-linked carbohydrate chain is essential for secretion or activity and, instead, each one has a 

quantitative impact on PLTP secretion and function; the removal of carbohydrate at positions 

Asn47 to Asn77 resulted in the lowest PLTP activity, suggesting that glycosylation at these sites 

might be required for proper docking of PLTP on the lipoprotein surface, or, alternatively, affect 

PLTP stability.108 Moreover, PLTP O-linked glycosylation by GALNT2, is required for 

facilitating PLTP function and the modulation of HDL-C levels. In fact, GALNT2 knock out 

animals display a reduced PLTP activity despite normal plasma levels, and similarly subjects 
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with homozygous GALNT2 loss-of-function mutations present reduced PLTP activity35 (Table 

1). 

SR-BI. Scavenger receptor class B type I (SR-BI) is an integral membrane cell surface 

glycoprotein belonging to the family of CD36. It is an HDL receptor playing a major role in 

cholesterol homeostasis, which is critical to modulate cholesterol homeostasis,109, 110 by 

mediating the selective uptake of cholesteryl esters from HDL, and it is involved also in other 

biological processes, including the modulation of inflammation and apoptosis.111 The large 

extracellular loop of SR-BI, which plays a critical role in ligand binding and lipid uptake, 

contains multiple sites for N-linked glycosylation (Table 2). A mutational study of each of these 

putative N-glycosylation sites showed that when Asn108 or Asn173 N-glycosylation was affected, 

the protein failed to localize to the plasma membrane and exhibited a reduced ability to transfer 

lipid from HDL to cells112 (Figure 2). Two rare point mutations in the gene encoding SR-BI, 

occurring in the large extracellular loop of the receptor (S112F and T175A), have been associated 

with extremely high HDL-C levels (>90th percentile for age and gender)113 due a reduced cell 

surface expression and/or impaired ability to bind HDL and mediate CE uptake from HDL.114 

Mutation of Ser112 to Phe neither impacts N-glycosylation at Asn108 nor reduces protein cell 

surface expression, suggesting that the significantly reduced uptake of CE from HDL observed 

in S112F subjects might be related to conformational changes in the mutated protein.114 On the 

contrary, mutation of Thr175 to Ala disrupts N-linked glycosylation at the evolutionary 

conserved Asn173 residue, thus impacting SR-BI proper cell surface expression and efficient lipid 

uptake112, 114 (Figure 2). Another variant, P376L, has been described as a loss-of-function 

mutation associated with significantly higher levels of circulating HDL-C and increased risk of 

CHD in homozygous carriers compared with noncarriers.115 This variant alters N-glycosylation 

profile of SR-BI and reduces its cell surface expression, thus reducing selective CE uptake from 

HDL.115 

 

Triglyceride-rich lipoprotein-associated proteins 

ApoC-III 
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Apolipoprotein C-III (apoC-III) plays a crucial role in regulating TG metabolism and is mainly 

synthesized by the liver and, to a lesser extent, by the intestine.116 It is carried mostly by VLDL 

and chylomicrons, but it is also present in LDL and HDL; apoC-III inhibits lipoprotein lipase 

and hepatic lipase, promotes hepatic VLDL secretion and reduces the hepatic clearance of TG-

rich lipoproteins (TRL) by the LDLR and LRP1.116 Several studies have established a direct 

correlation between circulating levels of apoC-III and TG, as well as between apoC-III levels 

and cardiovascular disease.117-119 Normolipidemic subjects carry the majority of apoC-III in 

HDL, while in patients with high levels of plasma TG it is found predominantly in TG-rich 

lipoproteins.120 ApoC-III is known to contain only O-linked glycopeptides at Thr74 (Table 2).41 

Two genetic variants of apoC-III have been described, one being oversialylated,121 the other 

impacting Thr74 that prevents O-glycosylation;122 carriers of these variants are normolipidemic, 

suggesting that the degree of apoC-III sialylation does not affect lipoprotein metabolism. 

The sugar moiety is represented by galactose linked to N-acetyl-galactosamine (Gal-GalNAc) 

and a variable number of molecules of sialic acid, thus resulting in three major glycoforms 

referred to as apoC-III0b, apoC-III1 and apoC-III2 containing 0, 1, and 2 molecules of sialic acid 

per molecule of protein, respectively. In plasma, the non-glycosylated form of apoC-III (apoC-

III0a) is present at very low levels, with glycosylated glycoforms (both non-sialylated and 

sialylated) representing approximately 99% of circulating apoC-III.123 Physiologically, each 

glycoform contributes to 10%, 55% and 35% of the total circulating apoC-III levels. It is still 

unclear whether apoC-III glycoforms interact differently with LPL thus modulating its 

enzymatic activity, yet alterations in the relative abundance of apoC-III glycoforms have been 

observed under pathological conditions (such as obesity, metabolic syndrome, diabetes, 

hyperlipidemia and CAD).119, 123-125 Furthermore, differential glycosylation of apoC-III may affect 

secretion and/or metabolism of TRL: LDLR and LRP1 rapidly clear TRL containing apoC-III1, 

whereas apoC-III2 is preferentially and more slowly cleared by the heparan sulfate proteoglycan 

syndecan-1.126 

Overweight and obese subjects have higher apoC-III0/apoC-III2 and apoC-III1/apoC-III2 ratios 

compared with lean subjects, which correlate directly with TG levels and inversely with insulin 

sensitivity.123 Furthermore, apoC-III0a, apoC-IIIob and apoC-III1 levels, but not apoC-III2, correlate 
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with fasting TG levels.123 In agreement with this observation, increased apoC-III2 levels and 

apoC-III2/apoC-III1 ratio were associated with lower plasma levels of TG and total cholesterol in 

two large cohorts of patients with glucose intolerance or type 2 diabetes (T2D), and with lower 

levels of the highly atherogenic small dense LDL particles in diabetics.127 In patients with CAD, 

the relative abundance of apoC-III1 increased, whereas that of apoC-III0 decreased across apoC-

III quartiles; the proportion of apoC-III2 was unchanged, and higher levels of apoC-III1 

correlated with an overall unfavourable lipid profile (increase of total cholesterol, LDL-C, TG, 

and apoE, and decrease of apoA-I).124 Unexpectedly, in this study, changes in the relative 

abundance of the three glycoforms did not impact LPL activity;124 it is worth noting that the 

extent of variations in the relative abundance was relatively small (10-13%) and likely unable to 

translate into major differences in the ability to inhibit LPL. The treatment of 

hypertriglyceridemic patients with volanesorsen, an antisense oligonucleotide targeting APOC3 

mRNA, greatly reduced apoC-III and TG levels, but also resulted in the reduction of apoC-III1 

relative abundance paralleled by increased apoC-III2 relative abundance.126 Carriers of a loss-of-

function mutation in the gene encoding GALNT2, an enzyme involved in the glycosylation of 

apoC-III, exhibited a 6.6-fold increase in the levels of apoC-III0 and 30% apoC-III1 reduction 

and showed an improved postprandial TG clearance, likely due to a reduced glycosylation of 

apoC-III.34 Recently, plasma from patients carrying other GALNT2 loss-of-function mutations 

were shown to contain only non-glycosylated apoC-III (apoC-III0), emphasizing apoC-III as a 

reliable biomarker for this disorder.36 

 

ANGPTL3 

ANGPTL3 is a protein of hepatic origin belonging to the subfamily of angiopoietin-like proteins 

that are involved in the regulation of lipid metabolism.128 ANGPTL3 is an endogenous inhibitor 

of lipoprotein lipase and endothelial lipase, resulting in increased levels of TG and LDL-C; loss-

of-function mutations in Angptl3 gene are associated with low TG and LDL-C levels and a lower 

risk of coronary disease.129 ANGPTL3 undergoes several post-translational modifications, 

including N-glycosylation at several sites and O-glycosylation mediated by GalNAc-T2 (Table 

2), the latter being involved in regulating the activation of ANGPTL3 by proprotein convertases 
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(PCs).130 In vitro, profurin overexpression, which inhibits PCs activity, reduces the cleavage, and 

thus the activation, of ANGPTL3, resulting in a reduced ANGPTL3-mediated inhibition of EL;131 

experimental data indicate that GalNAc-T2-mediated O-glycosylation plays a crucial role in the 

accessibility of the nearby cleavage site by PCs, resulting in reduced processing and activation 

of ANGPTL3 (Figure 2).131 In agreement with this observation, O-glycosylation of ANGPTL3 

(Thr226) was selectively lost in the human GALNT2-deficient O-glycoproteome,35, 132 reduced 

activation of ANGPTL3, combined with the altered glycosylation of apoC-III due to GALNT2 

loss-of-function, can contribute to the improved plasma triglyceride clearance in carriers of this 

mutation.34 

 

CD36 

CD36 (cluster of differentiation 36) is a transmembrane glycoprotein belonging to the family of 

class B scavenger receptors; it is expressed on the surface of several cell types (including 

endothelial cells and macrophages) and binds a broad spectrum of ligands, including oxidized 

LDL, long-chain fatty acids and apoptotic cells.133 CD36 has two transmembrane domains with a 

large extracellular loop containing 10 N-linked glycosylation sites134 (Table 2). N-glycosylation 

appears to be required for proper protein folding and surface localization of CD36, while ligand 

recognition is not affected by alterations in the N-glycosylation pattern.135 Despite being a 

classical modification occurring in the ER and Golgi, it appears that the overall N-glycosylation 

status of CD36 may be modulated, resulting in an increased expression of fully N-glycosylated 

CD36 and a more efficient translocation from intracellular membranes to the cell surface136 

(Figure 2). Besides N-glycosylation, CD36 is also a target for O-GlcNAcylation (Table 2), which, 

when induced in perfused hearts, stimulates fatty acid oxidation, likely by increasing the 

amount of CD36 associated with plasma membrane.137 Also, alterations in CD36 sialylation 

contribute to the ability of mediating oxidized LDL uptake by macrophages.138 

 

Conclusion 
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Specific defects in glycosylation enzymes often impact lipoprotein biosynthesis, suggesting that 

a proper apolipoprotein, lipoprotein receptor or lipid transfer enzyme glycosylation is critical in 

regulating their cellular biosynthesis but also their function. Novel insights into receptors 

recognizing specific glycan chains on glycoproteins also suggest that plasma lipid and 

lipoprotein metabolism might be affected through mechanisms independent of the classical 

lipoprotein/lipoprotein receptor axis. This sets the stage for further investigation of the 

molecular mechanisms associated with different carbohydrate configurations in lipoproteins 

and related proteins to develop novel therapeutic approaches to modulate lipid metabolism. As 

several enzymes involved in remodelling and recognition of carbohydrate structures are 

common to several other proteins, therapeutics targeting glycosylation in the context of 

dyslipidaemias should be tested not only for their efficacy but also for their safety and for 

potential off-target effects. 
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Legends to the Figures 

 

Figure 1. Schematic view of protein N-glycosylation pathway and related genetic mutations 

impacting lipid and lipoprotein metabolism. N-linked glycosylation process starts in 

endoplasmic reticulum (ER), where a dolichol-phosphate (Dol-P) serves as a carrier of the 

forming oligosaccharide. As first, two molecules of GlcNAc-P are added to Dol-P. In the 

cytoplasm, phosphomannomutase 2 (PMM2) catalyses the conversion of mannose-6-phosphate 

(Man-6-P) into Man-1-P, the precursor for GDP-Man. GDP-Man is then added to Dol-P-

GlcNAc2  at the cytosolic side of the ER membrane. After the addition of 5 Man residues, the 

complex is translocated across the ER membrane making it accessible to enzymes in the ER 

lumen, and further extended by the action of sequential glycosyltransferases (ALGs) to form the 

oligosaccharide that is then transferred to selected asparagines (Asn) residues of the nascent 

polypeptide. Immediately after the oligosaccharide is transferred to a nascent polypeptide, all 

three glucose residues and a specific mannose residue are removed by three different enzymes. 

Through shuttle proteins, such as TMEM165 and CCDC115, the protein-oligosaccharide 

complex reaches the Golgi department, where modifications to N-linked oligosaccharides are 

then completed. The cis, medial, and trans cisternae of the Golgi contain distinct enzymes that 

introduce different modifications to the oligosaccaride linked to the protein. Congenital 

disorders of glycosylation (CDG) are defined as either assembly (CDG-I) or processing (CDG-II) 

glycosylation defects and rely on defects of specific enzymes involved in the glycosylation 

process. LOF mutations in PMM2, ALG6, TMEM165, CCDC115, B4GAL1 are associated with 

changes in plasma lipids and lipoprotein profile. 

 

Figure 2. The role of glycosylation on lipoprotein metabolism and the effect of altered 

glycosylation status. (A) Glycosylation of apoproteins is required for the proper folding of 

nascent peptide, the stabilization of protein conformation, and function of mature protein for 

apoC-III, apoB, apoE, apo(a), apoA-I. Glycosylation is also essential for the proper membrane 

localization and activity of some receptors involved in lipoprotein metabolism, including LDLR, 
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SR-BI and CD36. Finally, proteins involved in lipoprotein metabolism, such as CETP, PLTP, 

LCAT, and, indirectly, ANGPTL3, present different glycosylation sites driving their activity. (B) 

Altered glycosylation status may negatively impact lipoprotein metabolism. Alterations in the 

glycosylation process of apoproteins may led to an increased degradation of protein due to 

misfolding (apoB), a reduced secretion (apo(a)), an increased affinity for pro-atherogenic 

lipoproteins such as VLDL(apoE); apoC-III glycoform changes is correlated with changes in the 

lipid profile. Alterations in the glycosylation of lipid/lipoprotein receptors may impact their 

proper localization at cell surface as well as change their affinity for the ligand thus resulting in 

reduced lipoprotein uptake (LDLR, SR-BI). Finally, alterations in the glycosylation profile of 

proteins involved in lipoprotein remodelling or lipid exchange can directly impact the 

physiological metabolism of lipoproteins. An exception may be represented by ANGPTL3, for 

which the inhibition of the glycosylation process results in a reduced activation of ANGPTL3 

with a consequent increase of LPL activity. 
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Glyco-gene Name Location Clinical manifestations
Effect of plasma 

lipid/lipoprotein profile

PMM2 Phosphomannomutase 2 16p13.2

Cerebellar hypoplasia, abnormal 

subcutaneous fat distribution, 

dysmorphism

LDL-C , apoB, HDL-C

ALG6
Alpha-1,3-

glucosyltransferase
1p31.3

Hypotonia, developmental delay, 

ataxia and epilepsy
LDL-C , apoB, HDL-C

B4GALT1
Beta-1,4-

galactosyltransfrase 1
9p21.1

Mild developmental delay, Dandy-

Walker malformation, coagulation 

abnormalities

non-HDL-C, TC/HDL-C 

CCDC115
Coiled-coil domain-

containing protein 115
2q21.1

Hepatosplenomegaly, 

steatohepatitis with fibrosis
 total cholesterol, LDL-C 

TMEM199
Transmembrane protein 

199
17q11.2

Hepatosplenomegaly, coagulation 

factor deficiencies, low 

ceruloplasmin, elevated AST, ALT

 total cholesterol, LDL-C 

NGLY1 N-glycanase 1 3p24.2

Developmental delay, hypotonia, 

movement disorder, hepatic 

steatosis

 total cholesterol, LDL-C, TG

GALNT2
N-acetylgalactosaminyl

transferase 2
1q42.13

Developmental delay, dysmorphic 

features, epilepsy, chronic insomnia
HDL-C

ASGR1
Asialoglycoprotein

receptor 1
17p13.1

Increased levels of alkaline 

phosphatase and vitamin B12
non-HDL-C

Table 1. Impact of loss-of-function mutations in glyco-genes on lipid/lipoprotein phenotype

Table(s)
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Protein N-glycosylation sites* O-glycosylation sites*

ApoB

Asn7, Asn158, Asn956, Asn1341, Asn1350, Asn1496, Asn2212, Asn2533,

Asn2752, Asn2955, Asn3074, Asn3197, Asn3309, Asn3331, Asn3384, 

Asn3438, Asn3868, Asn4210, Asn4324, Asn4404

Thr3193

LDLR Asn76, Asn135, Asn251, Asn494, Asn636, Asn644
Thr700, Ser711, Ser712, Thr703, Thr713, Ser704, Thr705, 

Thr717, Thr720, Thr721, Thr722, Ser729

Apo(a)

Asn42, Asn82, Asn196, Asn310, Asn424, Asn538, Asn652, Asn766, Asn880, 

Asn994, Asn1108, Asn1222, Asn1336, Asn1450, Asn1564, Asn1678, Asn1792, 

Asn1906, Asn2020, Asn2134, Asn2248, Asn2362, Asn2476, Asn2590, Asn2704, 

Asn2818, Asn2932, Asn3046, Asn3160, Asn3274, Asn3388, Asn3502, Asn3614, 

Asn3728, Asn3836, Asn3870, Asn3950, Asn4064, Asn4178

Yes, unknown sites (80% represented by the 

monosialylated core type I structure) 

ApoA-I Yes, unknown sites Thr203, Ser210

ApoA-II - Thr42

ApoE - Thr8, Thr18, Thr194, Ser197, Thr289, Ser290, Ser296

LCAT Asn20, Asn84, Asn272, Asn384 Thr407, Ser409

CETP Asn88, Asn240, Asn341, Asn396 -

PLTP Asn47, Asn77, Asn100, Asn126, Asn228, Asn381 Ser466, Thr467, Thr470, Ser472, Thr473

SR-BI
Asn102, Asn108, Asn173, Asn212, Asn227, 

Asn255, Asn310, Asn330, Asn383
-

ApoC-III - Thr74

ANGPTL3 Asn7, Asn99, Asn280, Asn341 Thr210

CD36
Asn79, Asn102, Asn134, Asn163, Asn205, Asn220,

Asn235, Asn247, Asn321, Asn417 Yes, unknown sites 

Table 2. Glycosylation sites of proteins involved in lipoprotein metabolism

* numbering based on mature protein without signal peptide
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