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Fibrinogen glycosylation and
glycation: molecular insights into
thrombosis and vascular disease
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Ilenia Barbaro, Niccolo Taddei, Claudia Fiorillo* and
Matteo Becatti

Department of Experimental and Clinical Biomedical Sciences “Mario Serio”, University of Firenze,
Firenze, Italy

Fibrinogen, a key protein in blood coagulation, undergoes two distinct post-
translational modifications (PTMs): glycosylation and glycation. Glycosylation
is an enzymatic, tightly regulated process, whereas glycation occurs non-
enzymatically under hyperglycemic conditions. Emerging evidence highlights
the role of these modifications in cardiovascular risk. This review provides
a comprehensive overview of how fibrinogen glycosylation and glycation
contribute to altered haemostatic profiles and increased cardiovascular risk.
Evidence is presented from inherited fibrinogen disorders, liver disease,
diabetes, and chronic conditions such as end-stage renal disease. Additionally,
the potential use of glycosylation and glycation patterns as diagnostic or
prognostic biomarkers in cardiovascular disease is discussed. Overall, changesin
fibrinogen’s glycosylation and glycation profiles may serve as important markers
for cardiovascular risk assessment in many diseases, offering insights into the
molecular mechanisms underlying these conditions.
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1 Introduction

Glycosylation and glycation both involve the modification of proteins by carbohydrates;
however, their molecular mechanisms and their functions in physiology and pathology are
very different. Protein glycosylation is an enzymatic, highly regulated process integrated
into protein biosynthesis, while glycation is a non-enzymatic, random process triggered by
hyperglycemia, occurring in both extracellular or intracellular environments (Uceda et al.,
20245 Schjoldager et al., 2020; Taniguchi et al., 2016). Recently, the relevance of protein
carbohydrate moieties as a novel biomarker in cardiovascular risk has been proposed
(Chatham and Patel, 2024). Fibrinogen is a central protein in blood coagulation, a
soluble macromolecule that forms an insoluble fibrin clot by the action of thrombin,
which is activated by a cascade of enzymatic reactions (Kattula et al, 2017). The
extensive implications of post translational modifications (PTMs) on fibrinogen are well-
known, and a deeper understanding of these modifications is crucial for advancing
our knowledge in haemostasis and thrombosis (Becatti et al., 2014; Becatti et al., 20205
Gitto et al., 2024; Nencini et al., 2024; Nencini et al., 2025a). Clot formation, stability,
and resistance to degradation, can be greatly influenced by PTMs, such as glycosylation
and glycation, thereby increasing a prothrombotic phenotype (Nencini et al., 2024;
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Giurranna et al., 2025; Nencini et al., 2025b). Building on
this understanding, the present review explores the pathological
and clinical relevance of fibrinogen glycosylation/glycation in
cardiovascular risk, with a focus on how these modifications
influence clot properties and the protein’s immunogenicity.

2 Protein glycosylation vs. protein
glycation

Protein glycosylation, the covalent attachment of carbohydrates
to specific amino acids, is one of the most abundant co-translational
and post-translational modifications in eukaryotic cells. This
modification occurs in various cellular compartments, including the
endoplasmic reticulum (ER), Golgi apparatus, nucleus, cytoplasm,
and mitochondria (Schjoldager et al., 2020). Glycosylation can be
mainly classified based on the site and nature of the carbohydrate
attachment: N-glycosylation, where carbohydrates are attached to
the amide side chain of asparagine (Asn), and O-glycosylation,
in which glycans are attached to the hydroxyl group of side
chains of serine (Ser) or threonine (Thr). Residues that undergo
glycosylation are within a consensus sequence (Chatham and Patel,
2024; Kobata, 1992; Hevér et al., 2019).

N-glycosylation is a co-translational modification, that begins in
the ER and involves the attachment of a conserved oligosaccharide
core (2 N-acetylglucosamines and 3 mannose residues). This process
requires numerous glycosidases and glycosyltransferases, resulting
in a mixture of glycosylated protein variants. In contrast, O-
glycosylation is strictly post-translational. It begins with the
addition of GIcNAc to the hydroxyl group of Ser or Thr, followed
by elongation into various core structures that form linear or
branched polysaccharide chains. O-linked glycans are classified
by their initiating monosaccharides (Schjoldager et al., 2020;
Hevér et al, 2019). Terminal sialic acid and fucose residues
diversify glycan structures and confer functions such as protein
stabilization, modulation of interactions, and ion transport. Loss
of sialic acid generates asialylated glycans, which are rapidly
cleared from circulation by hepatic receptors (Chatham and Patel,
2024). Protein N- or O-glycosylation alters structure and function,
profoundly affecting biological activity and processes such as
receptor interaction, immune response, secretion, and transport
(Schjoldager et al., 2020; Chatham and Patel, 2024; Rudd et al,
2001; Czuba et al, 2018); it also can affect protein properties
such as aggregation, solubility, stability, and folding (Ma et al,
2024; Jayaprakash and Surolia, 2017). Given their biological
relevance, alterations in protein glycosylation are associated with
the pathogenesis of many diseases (Spiro, 2002), such as cancer
(Huang etal., 2021), infections (Pandey et al., 2022), or autoimmune
disorders (Lu et al., 2023).

Glycation is a non-enzymatic reaction that starts with the
interaction between reducing sugars, or their autoxidation products,
and the amino groups of proteins. This process is most associated
with hyperglycemic conditions, such as diabetes mellitus (DM), and
aging. Unlike other PTMs, glycation lacks a defined physiological
function. Nevertheless, it has a clinical significance as indicated by
the detrimental consequences that it causes (Uceda et al., 2024;
Taniguchi et al., 2016; Shin et al, 2023). Glycation begins with
Schiff base formation between reducing sugars and protein amino
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groups, followed by Amadori rearrangement to stable products that
ultimately give rise to advanced glycation end-products (AGEs), a
heterogeneous and harmful class of compounds (Shin et al., 2023;
Vistoli et al., 2013). Similarly, glycation of nucleophilic groups of
other long-lived biomacromolecules, such as amino phospholipids
of the outer leaflet of cell membranes, leads to the advanced
lipoxidation end products (ALEs) (Vistoli et al., 2013).

AGEs and ALEs exert their damaging activity through the
loss of function of the target proteins, covalent modification of
enzymes and receptors, as well as immunogenic effects (Vistoli et al.,
2013; Kurien et al., 2006; Shamsi et al., 2016). Glycolysis generates
reactive dicarbonyls like methylglyoxal (MGO) and glyoxal (GO),
whose reactivities far exceed glucose (by 200-50,000-fold) despite
their lower concentrations (Shin et al,, 2023). MGO is a main
contributor of dicarbonyl stress, which manifests as oxidative
stress, inflammation, aging, and hyperglycemia (Wang et al,
2022; Wang et al, 2024; Todoriki et al, 2022). Additionally,
MGO is present in nearly all foods, with its levels increasing
during heating, fermentation, and extended storage (Vistoli et al.,
2013). Dietary intake of glycation compounds and disease,
including allergy, diabetes, cardiovascular and renal disease,
gut gastrotoxicity, cognitive impairment, and cancer, has been
extensively reviewed (Hellwig et al., 2024).

Glycation is countered by defense systems: the glyoxalase
pathway detoxifies MGO/GO, while proteasomal degradation
and autophagy remove structurally damaged glycated proteins
(Uceda et al., 2024; Shin et al., 2023; Hellwig et al., 2024).

2.1 Protein glycosylation and glycation:
novel biomarkers into cardiovascular
disease

In 2010, the American Heart Association (AHA) introduced the
Life’s Simple 7 model to define cardiovascular health, encompassing
seven metrics: four health behaviors (diet, physical activity, smoking,
BMI) and three clinical factors (cholesterol, blood pressure,
blood glucose) (Martin et al., 2025).

Despite the general decline in age-adjusted cardiovascular
disease (CVD) death rates, the absolute number of CVD
deaths continues to rise. Globally, CVD remains the leading
cause of death, accounting for approximately 18 million deaths
in 2017, underscoring the urgent need for early detection
biomarkers (Dashti et al., 2021).

The potential of glycans as biomarkers in CVD originates
from the systemic pro-inflammatory response, which triggers
hepatic release of acute-phase proteins (Chatham and Patel,
2024; Ballout and Remaley, 2020; Connelly et 2016)
including fibrinogen, C-reactive protein (CRP), haptoglobin,

al.,

serum amyloid A (SAA), all of which are primarily N-linked
glycoproteins. As inflammation progresses, N-glycosylation patterns
become more complex through residue extensions, increased
branching, or loss of sialic acid/galactose (Connelly et al., 2016;
Otvos et al., 2015; Jamieson et al., 1983).

To quantify this glycan-based inflammatory response, the GlycA
test was developed. This test quantifies glycan-driven inflammation
by measuring NMR signals from N-acetylglucosamine residues
on plasma proteins (Ballout and Remaley, 2020; Otvos et al,
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2015). Higher baseline GlycA levels predict incident CVD events
with a risk magnitude comparable to high-sensitivity CRP
(hsCRP) (Akinkuolie et al, 2014). In the Multi-Ethnic Study of
Atherosclerosis (MESA), GlycA was positively associated with
all-cause mortality, CVD, cancer, chronic inflammatory-related
disease, hospitalization, and death, independently of hsCRP, IL-6,
and D-dimer (Dupr et al., 2016). Moreover, GlycA and hsCRP were
respectively linked to myocardial infarction and ischemic stroke
in a multi-ethnic pooled cohort (Riggs et al., 2022), and elevated
GlycA was further associated with impaired HDL function and
metabolism (Riggs et al., 2019). Moreover, elevated circulating levels
of glycoprotein N-acetyl methyl groups have been shown to predict
long-term risk of all-cause, cardiovascular, and cancer mortality in
initially healthy individuals (Lawler et al., 2016).

Alterations in immunoglobulin G (IgG) N-glycosylation
patterns have emerged as promising predictors of CVD events
(Dashti et al., 2021; Hoshi et al., 2024). In two nested case-control
studies, six distinct IgG N-glycan structures were significantly
associated with incident CVD (Hoshi et al., 2024). Menni et al.
further identified four IgG glycan traits linked to carotid plaque
formation, independent of conventional risk factors (Menni et al.,
2018). In coronary artery disease (CAD), sex-stratified analysis
showed that sialylated N-glycan structures were negatively
associated with CAD in women (Radovani et al., 2023).

Glycans and sialylation regulators are emerging as potential
biomarkers and therapeutic targets for atherosclerosis, owing
to their abundant presence on the vascular endothelium and
on circulating lipoproteins implicated in plaque formation
(Wattchow et al., 2025; Pu and Yu, 2014).

Sialylation plays a key role in atherosclerosis regulation.
Desialylation of LDL by human neuraminidases represents a
novel pro-atherogenic pathway (Demina et al., 2021). ST6GALI-
mediated sialylation regulates adhesion molecules and chemokine
receptors, influencing monocyte recruitment in early atherogenesis
(Dashti et al, 2021). In a ApoE-/— mice fed a high-fat diet,
vascular ST6GAL1 expression decreased during atherosclerosis
progression and was restored after regression with rosuvastatin
treatment (Zhang et al., 2018).

AGEs
remodeling in metabolic disorders such as obesity, diabetes,

and glycosylation contribute to cardiovascular
and metabolic syndrome, through direct effects (elevated AGEs,
ROS, inflammation) and indirect mechanisms via comorbidities
including atherosclerosis, MI, heart failure, and atrial fibrillation
(AF) (Dozio et al,, 2021). Circulating and tissue AGEs correlated
with metabolic imbalance and chronic CVD progression (Yubero-
Serrano and Pérez-Martinez, 2020), with both dietary and
endogenous AGEs acting as cardiometabolic risk factors (Lué¢vano-
Contreras et al., 2017). AGEs promote endothelial dysfunction and
vascular stiffening (Dozio et al., 2021; Yubero-Serrano and Pérez-
Martinez, 2020), and have been associated with arterial stiffness
independent of glycemia (Birukov et al., 2021). Their synthesis is
accelerated under oxidative stress and inflammation, where ROS
and lipid peroxidation products (GO, MGO) drive the formation of
AGE:s (Dozio et al., 2021; Shen et al., 2020).

Furthermore, glycation products, such as glycated hemoglobin
(HbAlc) and glycated albumin (GA), are widely used in clinical
practice as biomarkers of glucose homeostasis in DM and are
potential prognostic factors for DM-associated diseases (Dozio et al.,
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2021). However, data from 73 prospective studies indicate that while
HbA1c provides modest improvements in CVD risk prediction, its
added value is limited (Di Angelantonio et al., 2014). To address
individual variability in HbAlc response, the hemoglobin glycation
index (HGI) has been introduced as a corrective measure for
personal glycation bias. In patients with diabetes and coronary
artery disease, HGI displayed a U-shaped association with major
adverse cardiac events, with lower HGI values linked to an increased
risk of cardiovascular death over 3 years (Lin et al., 2024). The
REACTION cohort study explored the same relationship in a period
of 5 years, rediscovering the same U-shaped correlation between the
HGI values and the risk of 5-year MACE (Wang et al., 2023).

GA is gaining interest as a more accurate short-term indicator
of glycemic control (Rooney et al, 2022). A meta-analysis of
cohort studies showed that elevated GA levels are associated with
higher risk of CVD and mortality, both in patients with and
without dialysis (Zhao et al., 2023).

Collectively, these findings highlight the potential of protein
glycation and glycosylation profiles as emerging biomarkers for
cardiovascular risk assessment. A deeper understanding of the
underlying mechanisms may also foster the development of novel
therapeutic strategies aimed at delaying or preventing related
complications.

3 Fibrinogen: synthesis, structure and
inherited disorders

Fibrinogen is a complex fibrous hexameric glycoprotein with
a molecular weight of 340-kDa, consisting of two copies of three
distinct polypeptide chains (2Aa, 2B, and 2y), held together
by 29 disulfide bonds in a dimer with bilateral symmetry. The
predominant Aa chain is composed of 610 amino acids, the Bf chain
contains 461 amino acids, and the y 410 amino acids. Structurally,
the fibrinogen molecule is about 45 nm in length, with globular
domains at each end, and connected in the middle by a-helical
coiled-coil rods. Molecular masses of Aa, Bp, and Y chains are
66.5, 52, and 46.5 kDa, respectively. The posttranslational addition
of asparagine-linked carbohydrate to the BB and Y chains brings the
total molecular mass to about 340 kDa.

Fibrinogen assembly occurs in a stepwise process: initial
formation of Aa-y and BP-y complexes, followed by their
combination into Aa/Bf/y half-molecules, and ultimately into the
complete hexameric form, (Aa/Bp/y),. All six N-terminal regions
converge at the central E domain of the molecule, while the C-
termini of the BP and y chains extend outward into distal D domains.
The Aa chains’ C-termini are globular and situated near the central
E domain of fibrinogen, where they interact intramolecularly. This
complex assembly process takes place within the endoplasmic
reticulum of the cell (Kattula et al., 2017; Weisel, 2005; Giiven and
Can, 2024).

Fibrinogen synthesis occurs primarily in hepatocytes, where
fibrinogen mRNAs are spliced and translated into polypeptide
chains. These chains then undergo PTMs, including the attachment
of oligosaccharide units via N-glycosidic bonds. This glycosylation
is essential for proper fibrin polymerization and clot architecture.
Then, fibrinogen is secreted into the blood, where it circulates
at concentrations ranging from 200 to 400 mg/dL (Dobson et al.,
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2024; Wolberg, 2023). After translation, each polypeptide chain
is independently translocated into the lumen of the ER, and
then the interaction of the chains with chaperone proteins leads
to the assembly and folding processes of the protein. Quality
control mechanisms guarantee proper assembly of fibrinogen and its
secretion out of the lumen, while unassembled forms are degraded
(Dobson et al., 2024; Weisel and Litvinov, 2017).

Fibrinogen is encoded by three closely linked genes (FGA,
FGB, and FGQG), each specifying the primary structure of one
of its three polypeptide chains, Aa, BP, and y, respectively.
Mechanisms that regulate fibrinogen gene expression are still
largely undetermined (Wolberg, 2023). These genes are clustered
on chromosome 4, and they translate into nascent polypeptides
of pre-pro-chain. Interestingly, overexpression of any one of these
genes appears to upregulate the expression of the others, suggesting
coordinated regulation.

While the exact regulatory mechanisms controlling fibrinogen
gene expression remain largely unclear, alternative splicing events
are known to contribute to fibrinogen diversity. For example, a
longer Aa chain (aE-chain) variant is produced in about 1%-2% of
fibrinogen molecules. The FGG transcript also undergoes alternative
splicing with a major y chain mRNA from 10 exons, and a minor y’
chain mRNA (about 10%) (Fish and Neerman-Arbez, 2012). The y'
chain variant is of particular interest, as its presence has been linked
to alterations in fibrin structure and is considered relevant in the
context of thrombosis (Duval and Ariéns, 2017).

Variants in the fibrinogen genes are directly associated
with inherited fibrinogen disorders and can be classified into
quantitative and qualitative anomalies, as extensively reviewed
2013; et 2016;
Neerman-Arbez, 2006). Briefly, congenital fibrinogen disorders

(De Moerloose et al, Neerman-Arbez al.,
(CFDs) include dysfibrinogenemia, characterised by normal
circulating levels of fibrinogen with abnormal function, and
hypofibrinogenemia/afibrinogenemia, which are characterised
by reduced (<1.5gL™") or absent fibrinogen levels in the blood,
respectively. A combination of low concentration and dysfunctional
fibrinogen is defined as hypodysfibrinogenemia (Fish and
Neerman-Arbez, 2012; Neerman-Arbez, 2006). Dysfibrinogenemia
and hypodysfibrinogenemia are typically autosomal dominant
disorders caused by heterozygous mutation (rarely homozygous)
or compound heterozygous mutation in one of the fibrinogen genes.
While many patients with dysfibrinogenemia are asymptomatic,
some may experience bleeding, thromboembolic events, or
both (Neerman-Arbez et al, 2016). Hypofibrinogenemia and
afibrinogenemia are most often caused by heterozygous mutation,
but also by homozygous or compound heterozygous mutation,
in one of the FGA, FGB, and FGG genes. Afibrinogenemia,
characterized by the complete absence of fibrinogen, is the most
severe form of CFDs. Most mutations responsible for these forms are
null mutations, which result in complete lack of protein production,
or are missense or late-truncating nonsense mutations that produce
abnormal chains. These defective chains are synthesized but
retained within the cell due to impaired assembly or secretion
of the fibrinogen complex (de Moerloose et al., 2013; Neerman-
Arbez et al., 2016).

Afibrinogenemia is associated with mild-to-severe bleeding,
whereas hypofibrinogenemic patients often exhibit few symptoms
or remain asymptomatic (de Moerloose et al., 2013; Vu and
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Neerman-Arbez, 2007). In populations where consanguineous
marriages are common, the incidence of afibrinogenemia, as
for other autosomal recessive coagulation disorders, is increased
(Neerman-Arbez et al., 2016). An interesting subset of patients with
hypofibrinogenemia has accompanied liver disease characterized
by endoplasmic reticulum fibrinogen-positive liver inclusions.
This rare condition is known as hereditary hypofibrinogenemia
with hepatic storage (HHHS). To date, only eight mutations
affecting fibrinogen y chain have been reported to cause HHHS
(Casini et al., 2018; Asselta et al., 2020).

of patients with CFDs
challenging. Replacement therapy is the mainstay treatment

Clinical ~ management is

for bleeding episodes and varies by geographic region.
Depending on available resources, patients may receive fresh
frozen plasma, cryoprecipitate, or fibrinogen concentrates

(De Moerloose et al., 2013; Casini et al., 2018).

4 Fibrinogen post translational
modifications by carbohydrates

Fibrinogen’s structural and functional variability depends on
congenital disorders, genetic polymorphisms, alternative mRNA
splicing, and a wide range of PTMs (Nencini et al, 2024).
PTM:s increase protein complexity, affecting structure and function
(Becatti et al., 2025; Fini et al., 2024; Bettiol et al., 2023; Emmi et al.,
2021; Whittaker et al, 2017; Dinu et al, 2018). Numerous
studies have emphasized the potential role of post-translationally
altered fibrinogen with the formation of prothrombotic fibrin
clots (Becatti et al., 2014; Fini et al.,, 2024; Bettiol et al., 2023;
Becatti et al., 2016; Lipinski and Pretorius, 2012; Vadseth et al., 2004;
Damiana et al., 2020; Cellai et al., 2013).

We review the current literature on human fibrinogen
glycosylation and glycation, focusing on specific modification sites,
the biochemical pathways involved, and their impact on fibrin clot
properties, to elucidate potential correlations with cardiovascular
risk (Table 1). Figure 1 illustrates the proposed mechanism by which
glycosylation- and glycation-induced structural and functional
alterations of fibrinogen contribute to cardiovascular disease.
Moreover, we propose fibrinogen glycosylation profiles as potential
biomarkers across several pathological conditions.

4.1 Fibrinogen post translational
modifications: glycosylation

The N-glycosylation profile of human fibrinogen has been
described by Adamczyk etal. to determine its contribution to
distinguishing serum and plasma N-glycome. Using a combination
of complementary chromatographic and mass spectrometry-
based techniques, the study identified biantennary digalactosylated
monosialylated (A2G2S1) and disialylated (A2G2S2) glycans as
the most prevalent forms, comprising approximately 53.0% and
32.6% of fibrinogen N-glycans, respectively (Adamczyk et al,
2013). Normally, the a-chain of fibrinogen is not N-glycosylated,
even though it has two potential N-glycosylation sites at Asn453
and Asn686 (Weisel, 2005; Clerc et al, 2016). Interestingly,
deglycosylation of fibrinogen accelerates the polymerization rate
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Plasma proteins:
novel biomarkers
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FIGURE 1

This figure illustrates the proposed mechanism by which glycosylation- and glycation-induced alterations in fibrinogen structure and function
contribute to cardiovascular risk. Fibrinogen glycosylation profiles are suggested as potential biomarkers in several diseases, including atrial fibrillation,
COVID-19, chronic thromboembolic pulmonary hypertension, and diabetes. While glycosylation is an enzymatic covalent attachment of carbohydrates
to proteins, glycation is a non-enzymatic reaction with reducing sugars. These modifications promote a-helix to p-sheet transitions, amyloid-like
aggregate formation, and altered fibrin networks, leading to denser, less porous clots resistant to plasmin-mediated lysis.

and increases lateral aggregation of fibrin fibers. Constitutive
glycosylation influences fibrinogen behaviour by exerting a repulsive
force that maintains solubility and restricts fibrin assembly, thereby
impacting clot architecture (Langer et al., 1988).

However, several mutations introduce novel glycosylation
consensus sequences, resulting in added molecular mass and altered
protein charge. The location of extra oligosaccharides in some
abnormal fibrinogen variants may provide insight into their effects
on fibrin polymerization (Marchi et al.,, 2004; Woodhead et al,
1996; Sugo et al,, 1999). It has been described gain-of-glycosylation
mutation on the Aa chain, Aa Argl41 to Ser mutation (Marchi et al.,
2004) and Aa Ser434 to Asn mutation (Woodhead et al,
1996), which both create new N-glycosylated sites. The first one,
fibrinogen Lima, is an abnormal fibrinogen resulting in an extra
N-glycosylation at Aa Asnl39, which seems to be responsible
for the impairment of fibrin polymerization. Clot properties were
examined in both homozygous and heterozygous forms, revealing
that homozygous clots consist of thinner fibers with reduced
permeability and altered rheological characteristics. The extra
carbohydrate moiety impairs the protofibril lateral association
process, giving rise to thinner, more curved fibers, with the
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structural anomalies being most pronounced in the homozygous
clots (Marchi et al., 2004). Fibrinogen Caracas II is an abnormal
fibrinogen involving the mutation of Aa Ser434 to N-glycosylated
Asn, but this kind of dysfibrinogenaemia is asymptomatic. Clots
formed show large pores bounded by thin fiber networks, with
normal viscoelastic properties (Woodhead et al., 1996).

Another inherited dysfibrinogenemia (the Niigata variant),
affecting the BP chain with a Bf Asnl60 to Ser substitution
is associated with an extra glycosylation at B Asnl58. While
fibrin polymerization and clot stiffness remain largely unaffected,
the lateral aggregation of protofibrils may be subtly impaired
(Sugo et al, 1999). Recently, Asselta etal. identified a novel Bf
Aspl185Asn mutation in a child with severe neonatal thrombotic
and hemorrhagic complications. Similar to fibrinogen Niigata,
the reported mutation affects the C-terminal region of the Bp
chain coiled-coil. The authors speculate that extra oligosaccharides,
introducing strong negative electric charges, may arise and affect
lateral association of fibrin protofibrils and/or fiber packing
(Asselta et al., 2015). Such phenomena were reported in other
hyperglycosylated fibrinogens (Marchi et al., 2004; Woodhead et al.,
1996). An additional N-glycosylation was also identified in the C-
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terminus of the y-chain (y380Lys to Asn), known as fibrinogen
Kaiserslautern, proximal to the key residue involved in the formation
of a polymerization pocket and the high-affinity calcium binding
site. While the mutation does not disrupt these functional sites
directly, the charge shift delays polymerization and reduces fiber
diameter (Ridgway et al., 1997). Similarly, impaired polymerization
of fibrin monomers was found in fibrinogen Asahi, in which a
y310Met to Thr substitution forms a consensus sequence for N-
glycosylation at position 308 Asn (Yamazumi et al., 1989).

The dysfibrinogenemia associated with liver disease has been
further characterized by an increased sialic acid content, which
directly correlated with prolonged thrombin time. Removal of
the excess sialic acid restores normal thrombin time and fibrin
monomer polymerization (Martinez et al., 1983; Martinez et al.,
1978). Liver cirrhosis, a major risk factor for hemostatic imbalance,
often leads to either bleeding or thrombosis (Driever and Lisman,
2023). The study of Gligorijevi¢ etal. analysed the fibrinogen
glycosylation pattern by lectin-based protein microarray, together
with the carbonylation pattern of the individual fibrinogen chains in
cirrhotic patients. The results pointed to a typical increase in several
carbohydrate moieties (Galp-1,4GlcNAc, terminal a-2,3 Sia, and
al,3 Man), a decrease in core-fibrinogen fucosylation, and higher
carbonylation susceptibility of the Aa chain (Gligorijevi¢ et al,
2018a). Sialic acid content of fibrin (ogen) in cirrhosis affects
polymerization rates and results in decreased permeability, but the
structure of a matured clot may also be affected by other PTMs
than only sialylation of fibrinogen (Driever and Lisman, 2023;
Gligorijevi¢ et al., 2018a; Hugenholtz et al., 2016). Liver cirrhosis
(LC) is the main risk factor for hepatocellular carcinoma (HCC),
the most common type of liver cancer. Nager et al. analysed samples
from HCC patients, LC patients, and healthy donors to determine
the glycosylation and phosphorylation patterns of fibrinogen and
to relate those to pathological states. While glycosylation and
phosphorylation patterns could distinguish patients from healthy
individuals, they could not reliably differentiate between LC and
HCC. Notably, Aa phosphorylation was reduced in HCC, while
O-glycans were decreased in LC. Sialylation and fucosylation of
N-glycans in the BB and y chains increased in both disease
groups (Nagel et al., 2018). Increased fibrinogen sialic acid content
associated with thrombotic tendency and normal liver function
was also found in a 25-year-old man case report, probably a new
variant of congenital dysfibrinogenaemia (fibrinogen Copenhagen
II) (Hansen and Schousboe, 1984), in pregnancy and in patients
undergoing fibrate therapy (Maghzal et al., 2005).

As previously discussed, the analysis of protein glycosylation has
received more attention due to the growing body of evidence that
shows that PTMs might be useful biomarkers for CVDs and aid
in uncovering the mechanisms involved in their development and
progression (Hoshi et al., 2024). Among plasma proteins, there is an
overwhelming interest in the characterization of fibrinogen profile
glycosylation and its relevance as a biomarker in different diseases
(Adamczyk et al., 2013). Both single-nucleotide polymorphisms
(SNPs) and PTMs are associated with fibrinogen levels, clotting
behaviour and cardiovascular risk (Nagel and Meyer, 2014).

A recent study assessed the diagnostic potential of fibrinogen N-
glycan profiles in AF patients undergoing catheter ablation. Three
low-abundance glycopeptides from the y-chain were significantly
reduced in AF patients compared to controls (Soi¢ et al., 2025). A
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rise in asialylated glycoforms may underlie the prothrombotic state
observed in AF (Soi¢ et al., 2025; Dang et al., 1989).

Calcium-binding at low-affinity sialic acid sites on fibrinogen
may facilitate polymerization, while high-affinity Ca®* sites in
the D-domain influence fibrin tertiary structure (Dang et al,
1989; Okude et al, 1993). Conversely, an abnormally high
degree of sialylated fibrinogen in patients with COVID-19
(Moiseiwitsch et al., 2022) and chronic thromboembolic pulmonary
hypertension (CTEPH) (Morris et al., 2007)seems to contribute
to thrombotic clinical features in these diseases. Fibrin clots
from COVID-19 patients were shown to be significantly stiffer
and denser than clots made using fibrinogen from non-infected
subjects, and these differences are at least in part mediated
by differential sialylation (Moiseiwitsch et al, 2022). Morris
etal. reported a fibrinogen variant in a CTEPH patient, which
supports the hypothesis that an abnormally high degree of
fibrinogen disialylation can influence clot susceptibility to
plasmin-mediated lysis (Morris et al., 2007).

Glycosylated fibrinogen is relevant to
of DM. Main

showed that total fibrinogen and absolute levels of fibrinogen

especially the
pathogenesis results from Daugaard etal
ag, fibrinogen V', and sialylated fibrinogen were higher at
baseline in patients with DM who later experienced strokes
(Daugaard et al., 2025). Similar findings were observed in obese
patients, while in bariatric surgery, sialylated fibrinogen levels
were lower (Bodker Pedersen et al., 2025).

A high risk of cardiovascular complications has been observed
in patients with end-stage renal disease (ESRD), and this is at
least partly associated with delayed clot formation, increased clot
strength, and delayed clot lysis (Nunns et al., 2017). Two recent
studies from Barali¢ et al. aimed to examine fibrinogen glycosylation
in patients with ESRD (Barali¢ et al., 2020; Barali¢ et al., 2023).
Results from the first study imply that the fibrinogen A2BG2
glycan increases, while FA2 decreases. These changes were most
prominent in the y-chain, and fucosylation was strongly associated
with peritoneal membrane damage in patients on peritoneal dialysis
(Barali¢ et al., 2020). A follow-up study suggested that mannose-
rich glycans on fibrinogen may be predictive of all-cause and
cardiovascular mortality in ESRD patients (Barali¢ et al., 2023).

The influence of aging on fibrinogen carbohydrate content
was also investigated by isolating fibrinogen from plasma samples
of healthy subjects aged 21 to 83. Lectin microarray analysis on
fibrinogen demonstrated increased glycosylation of fibrinogen due
to aging, with a predominant increase in high-mannose or hybrid
type N-glycans, as well as tri-/tetraantennary complex N-glycans
with greater content of galactose and N-acetylglucosamine residues.
Glycosylation changes of fibrinogen in healthy aging most likely
affect clot structure, resulting in a more densely packed network, and
function, namely clotting time (Gligorijevic et al., 2018b).

Palomino et al. recently compared fetal and adult fibrinogen,
identifying 39 glycans in fetal fibrinogen and increased glycosylation
and sialylation, particularly in the BP chain, supporting earlier
findings that knob ‘B’ interactions are more prominent in fetal fibrin
formation (Palomino et al., 2024).

Fibrinogen O-linked oligosaccharides are less well described
(Zauner et al, 2012). The first indications for mammalian
fibrinogen O-glycosylation came from a report using fibrinogen
in lectin binding studies (L'Hote et al., 1996). Recent evidence
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for O-glycosylation of human fibrinogen originates from

a comparative urine metabolomics analysis from patients
suffering from urinary tract infection (UTI) versus controls.
The increased release of fibrinogen fragments in urine is a
response to an infection or infection-related kidney damage.
Using a non-targeted exploratory UPLC-MS-based approach
for the investigation of UTI-related changes in urine, authors
have characterized a unique C-terminal O-glycopeptide of the
human fibrinogen a-chain. An unusual O-glycosylation might
be interpreted as an indication of the extrahepatic origin of the
fragments. However, the clinical significance of this finding should
be explored (Pacchiarotta et al., 2012).

4.2 Fibrinogen post translational
modifications: glycation

As previously discussed, MGO is a main player in oxidative
stress, inflammation, aging, and hyperglycemia. In hyperglycemic
conditions, non-enzymatic glycation of fibrinogen plays a crucial
role in the pathogenesis of micro- and macrovascular complications,
especially in pathological conditions such as DM and atherosclerosis
(Rehman et al., 2021a). Additionally, MGO induces structural
alterations in fibrinogen through glycation, which can lead to an
autoimmune response via the generation of neoepitopes on protein
molecules (Rehman et al., 2021a).

In vitro studies have consistently shown that hyperglycemia leads
to structural and functional alterations in fibrinogen (Robi et al,
1991; Brownlee et al., 1983; Khanam et al., 2021; Svensson et al.,
2012; Norton et al., 2017; Mirmiranpour et al., 2012; Hood et al.,
2018; Krantz et al, 1987) and the extent of glycation depends
on the incubation time, temperature, and pH (McVerry et al,
1981; Mirshahi et al., 1987). To mimic hyperglycemic conditions,
fibrinogen has been incubated with D-ribose (Khanam et al,
2021), glucose (Svensson et al., 2012; Norton et al., 2017;
Mirmiranpour et al, 2012; Hood et al, 2018; Krantz et al.,
1987), or MGO (Ahmad et al, 2024; Perween et al., 2022;
Rehman et al,, 2020; Perween et al., 2019; Aloufhi et al., 2022a).
To elucidate D-ribose-mediated glycation damage, fibrinogen was
treated with progressively increasing concentrations of D-ribose
and was analysed by UV-vis fluorescence, circular dichroism
(CD), scanning electron microscopy (SEM), and Fourier transform
infrared (FTIR) spectroscopy. Also, protein aggregation and fibril
formation were confirmed by thioflavin T (ThT) and Congo
red assay (Khanam et al., 2021).

Studies examining morphological changes in glucose-incubated
fibrin matrices were conducted to gain insight into the mechanisms
underlying the hypercoagulable state associated with hyperglycemia
(Nortonetal, 2017; Hood et al., 2018). One study demonstrated that
glycated fibrin structures exhibit greater aggregation and anisotropy
than their unglycated counterparts. However, extending the glucose
incubation period, simulating physiological plasma glucose levels,
resulted in fibrin clot structures that were less aggregated and
more isotropic than those formed from non-incubated fibrinogen
(Norton et al., 2017). By measurement of clot fractal dimension (dy),
which associates higher d; with a denser fibrin clot structure, Hood
et al. reported that the 10.0 mmol/L glucose concentration condition
produced the densest formed fibers, compared to 6.0 mmol/L
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and 0.0 mmol/L glucose concentration. Kinetic measurements of
fibrinogen also suggest that increased glucose concentration slows
clotting time (Hood et al., 2018). Additionally, fibrinogen glycation
has been reported to significantly decrease clot susceptibility to
plasmin-induced degradation (Brownlee et al., 1983; Mirshahi et al.,
1987). Interestingly, Svensson etal. reported two glycated lysine
(GIcK-133 in the B-chain and GIcK-75 in the y-chain) within the
“plasmin-sensitive” coiled-coil-coil regions. Of particular interest,
GIcK-133 is located just two residues away from the known plasmin
cleavage site at K-130, suggesting that glycation at this position could
interfere with normal fibrinolysis (Svensson et al., 2012).

Under in vitro conditions, MGO is widely used to study
hyperglycemia-induced non-enzymatic glycation of proteins
(Rehman et al., 2020; Perween et al, 2019; Banerjee, 2021;
Ahmed et al, 2018). Fibrinogen glycation is typically achieved
by incubation of human fibrinogen with fixed (Perween et al,
2022; Rehman et al., 2020) or increased concentrations of MGO
(Ahmad et al., 2024; Perween et al., 2019; Aloufh et al., 2022a) for
varying incubation times (from 0 to 14 days) at 37 °C to mimic
hyperglycemic conditions seen in DM.

MGO altered the tertiary and secondary structure of fibrinogen.
While glycation primarily targets lysine and arginine residues,
histidine and cysteine can also be affected (Perween et al., 2022).
MGO-fibrinogen interaction was characterized using UV-Visible
spectroscopy, concentration- and time-dependent
hyperchromicity in the absorbance profiles (Ahmad et al., 2024;
Perween et al,, 2019; Alouffi et al, 2022a). Alterations in the
fluorescence spectra are widely used to examine the extent of

revealing

changes in the aromatic amino acids tyrosine (Tyr), tryptophan
(Trp), and phenylalanine (Phe). Results show a significant decrease
in intrinsic fluorescence spectra of MGO-fibrinogen molecules
in comparison to their native analogues (Ahmad et al, 2024;
Rehman et al.,, 2020; Perween et al., 2019; Alouffi et al., 2022a).
FTIR analysis revealed a notable shift in the amide I band from
1642 to 1646 cm™' in MGO-modified fibrinogen, attributed to
C=0 stretching and altered hydrophilic interactions, potentially
disrupting hydrophobic protein regions (Perween et al, 2022;
Rehman et al., 2020; Perween et al., 2019; Aloufhi et al., 2022a).
Far-UV CD spectra showed a marked reduction in ellipticity,
indicating a loss of native a-helical content and an increase in -
sheet structure, features associated with protein misfolding and
aggregation (Ahmad et al., 2024; Perween et al., 2022; Rehman et al.,
2020; Perween et al,, 2019; Aloufhi et al, 2022a). Taken together,
fluorescence, FTIR, and CD results suggested that glycation affects
the secondary and tertiary structure of fibrinogen. Amyloid-
like aggregates were confirmed by ThT and Congo red assay
(Rehman et al., 2020; Perween et al., 2019; Aloufhi et al., 2022a),
and the typical feature observed under SEM and TEM strongly
supports the microstructure of the aggregates (Ahmad et al., 2024;
Perween et al., 2022; Perween et al., 2019; Alouffi et al., 2022a).
DM is characterized by chronic hyperglycemia, which increases
cardiovascular risk. Alterations in fibrin structure due to fibrinogen
glycation may contribute to this risk (Dunn et al., 2005; Bembde,
2012). Diabetic subjects have been shown to exhibit altered fibrin
network structures, with non-enzymatic glycation of fibrinogen,
driven by elevated blood glucose, proposed as a key contributing
mechanism (Mirmiranpour et al., 2012; Dunn et al., 2005; Bembde,
2012; Dunn etal., 2006; Pieters et al., 2008; Li et al., 2016; Luzak et al.,
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20205 Pieters et al., 2006; Jorneskog et al., 2003). Several studies have
investigated the effect of fibrinogen glycation on fibrin structure
through in vitro analysis of diabetic patients’ purified fibrinogen
(Dunn et al.,, 2005; Dunn et al., 2006; Pieters et al., 2008; Li et al.,
2016; Luzak et al., 2020; Jorneskog et al., 2003).

Importantly, diabetic patients undergoing glycemic control
treatment show a reduction in fibrinogen glycation (Picters et al.,
2008; Lietal., 2016; Pieters et al., 2006; Pieters et al., 2007). Moreover,
higher plasma fibrinogen levels were found in T2DM patients as
compared to controls (Bembde, 2012; Pieters et al., 2006), and
hyperfibrinogenaemia seems to be correlated with HbAlc values
(Bembde, 2012; Pieters et al., 2007). Notably, glycated fibrinogen
has shown potential as a complementary marker to HbAlc for
monitoring glycemic control (Pieters et al., 2007).

In diabetic subjects, the fibrin network and the fibrin gel
porosity are impaired, potentially due to fibrinogen glycation,
which alters both structural and functional properties. Li et al.
used a combined atomic force microscopy/fluorescence microscopy
technique to determine the mechanical properties of individual
fibrin fibers formed from diabetic plasma. Their findings showed
no direct correlation between fibrinogen glycation and fibrin fiber
extensibility, modulus, and stress relaxation, whereas the fiber
modulus, Y, strongly decreases with increasing fiber diameter, D.
The strong dependence of the Y on D is very unusual and has
interesting and significant consequences for whole-clot properties,
and especially for the internal structure and lateral assembly of
fibrin fibers (Li et al., 2016).

Clot structure can also be assessed by turbidity, permeability,
confocal microscopy, and SEM. One in vitro study using purified
fibrinogen found that clots from diabetic subjects were denser and
less porous than those from control subjects (Dunn et al., 2005).
Conversely, another study showed that the fiber diameter of the
clots from diabetic and non-diabetic subjects was similar both at
baseline and after achieving glycaemic control, though a slight
increase in the proportion of thicker fibers was noted in diabetic
clots post-treatment (Pieters et al, 2008). Liquid permeation
studies further revealed that the fibrin gel permeability coefficient
(Ks) is significantly reduced in diabetic patients, indicating a
tighter and less permeable fibrin network (Dunn et al., 2005;
Pieters et al., 2008; Jorneskog et al., 2003).

Turbidity measurements were used to assess polymerization
kinetics, including the lag phase, maximum slope (Vmax), and
maximum absorbance (MaxAbs). However, the results across studies
were inconclusive. Regarding the lag time (the time required for
fibrin fibers to grow sufficiently to allow absorbance detection),
one study reported no difference between diabetic and non-diabetic
subjects (Pieters et al., 2008), while another reported a significantly
shorter lag time in clots from diabetic patients (Dunn et al., 2005).
Conflicting results were also observed for Vmax, a measure of the
rate of lateral aggregation. Pieters etal. reported that the Vmax
in diabetic subjects was significantly higher, and it decreased after
glycaemic control (Pieters et al., 2008). Conversely, Luzak et al.
observed that Vmax in the T2DM plasma clots was significantly
lower than in non-diabetic controls. The same tendency was
observed in the glucose-treated fibrinogen compared to the control
protein (Luzak et al., 2020). No difference in the MaxAbs (average
cross-sectional area of fibers) between diabetic subjects and controls
was reported in two studies (Pieters et al., 2008; Luzak et al,
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2020). According to Dunn et al., diabetic clots achieved a greater
MaxAbs at full polymerisation (Dunn et al., 2005). Some authors
speculate that it seems as though porosity, compaction, and kinetics
of clot formation are more related to fibrinogen concentration than
fibrinogen glycation in this model (Pieters et al., 2006).

Altered fibrin network formation may contribute to decreased
fibrinolysis. Diabetic fibrin clots have been shown to exhibit
significantly slower lysis rates compared to those from non-
diabetic individuals, accompanied by reduced plasmin generation
(Dunn et al, 2006). Notably, the achievement of glycaemic
control and decreased fibrinogen glycation levels improves lysis
rates in a purified fibrinogen model (Pieters et al, 2008).
Interestingly, Mirmiranpour etal. investigated the effects of Lys
supplementation in conventional T2DM treatment. Their results
demonstrated that Lys, as an inhibitor of glycation, can be effective
in the reduction of fibrinogen’s non-enzymatic glycation and
the rectification of its structure and function. In vivo, patients
receiving standard therapy with metformin and glibenclamide
showed reduced fibrinogen activity; however, this decrease was
significantly attenuated in the group receiving additional Lys
supplementation (Mirmiranpour et al., 2012).

Structural modifications induced by glycation may also
lead to the formation of neoepitopes capable of triggering
immune responses. Glycated proteins elicit powerful and specific
immunological responses, resulting in the production of antibodies
(Rehman et al., 2021a; Siddiqui et al., 2019). Alouffi et al. show that
immunization of rabbits with fibrinogen molecule glycated with D-
ribose (Rb-gly-Fb) significantly upregulated the expression of TNF-
a, IL-6, IL-1P, and IFN-y mRNAs, indicative of the inflammatory
response (Aloufli et al, 2022b). Consequently, autoantibodies
against glycated fibrinogen have been proposed as a potential
biomarker in early diagnosis of diabetes mellitus, but also in its
associated secondary disorders (Rehman et al., 2021b).

5 Discussion and concluding remarks

CVDs remain the leading cause of morbidity and mortality
worldwide. Beyond traditional risk factors, increasing attention
is being directed toward PTMs of fibrinogen, particularly
glycosylation and glycation, which profoundly influence fibrin clot
properties. Evidence indicates that carbohydrate modifications alter
fibrin polymerization, fiber thickness, clot density, and susceptibility
to lysis, with glycosylation generally delaying polymerization and
reducing fiber diameter, while glycation promotes aggregation,
a-helix to B-sheet transitions, and impaired fibrinolysis.

Altered glycosylation patterns have been reported in liver
disease, atrial fibrillation, COVID-19, chronic thromboembolic
pulmonary hypertension, diabetes, and end-stage renal disease,
suggesting their potential as disease-specific biomarkers. Advances
such as high-throughput LC-MS have enabled site-specific
profiling of fibrinogen N-glycosylation, revealing associations with
clinical and biochemical parameters and supporting its role in
cardiovascular risk stratification.

Experimental models mimicking hyperglycemia show that
glycated fibrinogen produces denser, less lysis-prone clots and
may trigger immune responses leading to autoantibody formation,
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raising the possibility that it contributes to diabetes-associated
complications. However, major methodological limitations persist:
studies differ in the source of fibrinogen and in the type
and concentration of glycating agents (MGO or glucose), use
heterogeneous incubation times, and lack assay standardization.
Defining experimental conditions that truly mimic the diabetic state
remains a crucial challenge. In addition, functional data on glycated
fibrinogen are still scarce, highlighting the need for more rigorous
and systematic investigations.

Overall, fibrinogen glycosylation and glycation emerge as
promising biomarkers and mechanistic contributors to thrombotic
events. Further studies are required to clarify the clinical significance
of glycated fibrinogen, especially in diabetes, and to translate
these insights into diagnostic and therapeutic strategies for high-
risk populations. Despite the promising potential of glycosylated
and glycated fibrinogen as biomarkers, several barriers still
limit their clinical application. These include the lack of assay
standardization, limited sensitivity and specificity of available
methods, and the high cost of advanced analytical platforms. Future
strategies to overcome these obstacles may involve the development
of high-throughput LC-MS workflows, more robust and cost-
effective immunoassays, and validation through large multicenter
cohort studies. Addressing these issues will be essential to
translate fibrinogen PTM profiling into routine cardiovascular risk
assessment.
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