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Fibrinogen is an abundant protein synthesized in the liver, present in
human blood plasma at concentrations ranging from 1.5-4 g/L in
healthy individuals with a normal half-life of 3-5 days. With fibrin, pro-

duced by thrombin-mediated cleavage, fibrinogen plays important roles in
many physiological processes. Indeed, the formation of a stable blood clot,
containing polymerized and cross-linked fibrin, is crucial to prevent blood
loss and drive wound healing upon vascular injury. A balance between clot-
ting, notably the conversion of fibrinogen to fibrin, and fibrinolysis, the pro-
teolytic degradation of the fibrin mesh, is essential. Disruption of this equi-
librium can cause disease in distinct manners. While some pathological con-
ditions are the consequence of altered levels of fibrinogen, others are related
to structural properties of the molecule. The source of fibrinogen expression
and the localization of fibrin(ogen) protein also have clinical implications.
Low levels of fibrinogen expression have been detected in extra-hepatic tis-
sues, including carcinomas, potentially contributing to disease. Fibrin(ogen)
deposits at aberrant sites including the central nervous system or kidney,
can also be pathological. In this review, we discuss disorders in which fib-
rinogen and fibrin are implicated, highlighting mechanisms that may con-
tribute to disease.

Introduction

Fibrinogen biosynthesis takes place in hepatocytes, starting with expression of
three genes, FGA, FGB and FGG, clustered in a 50 kb region of human chromo-
some 4. The genes encode fibrinogen Aα, Bβ and g chains, respectively. Both FGA
and FGG are transcribed to produce two transcripts. The major transcript encoding
Aα is transcribed from five exons, but a minor transcript, resulting from splicing of
a sixth exon, encodes the AαE chain which is present in 1-3% of circulating fibrino-
gen molecules. For FGG, a major g chain mRNA is transcribed from ten exons while
in the minor g’ chain intron 9 is retained, substituting the four amino acids encoded
by exon 10 with 20 g’ COOH-terminal residues. g/g’ and g’/g’ represent approxi-
mately 8 to 15% of a healthy person’s total fibrinogen.1,2

The fibrinogen genes are co-regulated both for basal expression and when upreg-
ulated upon an inflammation-driven acute phase response.3 The latter leads to a
prompt increase in plasma fibrinogen after bleeding or clotting events, or to support
wound healing.3 Each fibrinogen gene is thought to be regulated by a proximal pro-
moter and local enhancer elements. These appear to act together with tissue-
restricted transcription factors, regulatory chromatin marks and a looped architec-
ture to co-regulate expression of the three-gene cluster.4,5 CpG DNA methylation of
the fibrinogen regulatory regions,6 and microRNA7,8 can also contribute to cell- and
state-specific fibrinogen expression.

Fibrinogen mRNA are translated into nascent polypeptides with signal peptides
that are cleaved in the lumen of the endoplasmic reticulum. Here the chains assem-
ble, with the assistance of chaperones, first as Aα-g or Bβ-g dimers and then as
trimeric molecules, by addition of the missing chain. NH2-terminal disulfide bridges
connect two trimers producing hexameric molecules. These transit to the Golgi
apparatus, where the final Bβ and g chain N-glycosylation steps take place.9 While
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properly assembled fibrinogen is secreted as a 340 kDa
glycoprotein, misfolded proteins are retained intracellular-
ly and degraded by quality control mechanisms.10

During human development, hemostatic proteins,
including fibrinogen, are present in plasma around the
time of the termination of hepatic histogenesis and spleen
vascularization (~10-11 weeks of gestation), reaching lev-
els at term similar to those in the adult.11 Fetal fibrinogen
has qualitative differences, notably delayed fibrin forma-
tion, which persist for approximately 1 year after birth.
Neonatal clots are less dense than those of an adult and
have a different three-dimensional structure.12 However,
this does not have a significant impact on coagulation
parameters such as bleeding time.

Circulating fibrinogen promotes hemostasis as the solu-
ble fibrin precursor, but also by bridging activated
platelets, and enabling a correct disposition of erythro-
cytes, macrophages and fibroblasts around a wound.13 The
development and control of these processes is important
to stop bleeding, enhance wound healing and promote tis-
sue regeneration. In addition, fibrin(ogen) is implicated in
preventing microbial invasion and proliferation upon trau-
ma,14 enhancing host defenses through the assembly of
matrices that entrap invaders and recruit and activate host
immune cells.15

The association of fibrin(ogen) with disease results from
different mechanisms. These include triggering signaling
pathways within given physiological contexts, and alter-
ations in the normal range of fibrinogen levels or in its
structure. The latter can contribute to altered fibrin clot
properties which can impair thrombin and plasminogen
binding. In this review, we focus on the involvement of
fibrin(ogen) in the development of a range of human dis-
orders, describing its role in different pathological mecha-
nisms.

Bleeding disorders 

Bleeding or hemorrhage is the escape of blood from the
closed cardiovascular system due to damaged blood ves-
sels.16 The natural control of bleeding is known as hemo-
stasis.17 Many defects in hemostatic proteins, including
fibrinogen, can cause pathological hemorrhage.

Quantitative and qualitative variations in fibrinogen
plasma levels can be inherited or acquired. Inherited disor-
ders are divided into type I and II.18 Type I, comprising
afibrinogenemia and hypofibrinogenemia, affect the con-
centration of plasma fibrinogen (<1.5 g/L). Type II, includ-
ing dysfibrinogenemia and hypodysfibrinogenemia, affect
the quality of circulating fibrinogen, the latter also affect-
ing plasma levels.19

Afibrinogenemia, which has an estimated prevalence of
one to two cases per 106 people,20 is an inherited disease
characterized by the absence of circulating fibrinogen due
to homozygous or compound heterozygous mutations in
one of the fibrinogen genes. These may affect mRNA pro-
duction, splicing or stability, protein production or stabili-
ty, or hexamer assembly, storage, or secretion.21 An initial
case of afibrinogenemia in a 9-year old boy was described
in 1920,22 but the first causative mutation was identified
many years later.23,24 Since then, dozens of other causative
mutations have been reported for afibrinogenemia. The
majority of these are null mutations, i.e., large deletions,
frameshift, early-truncating nonsense, or splice-site muta-

tions. Missense mutations are mostly grouped in the con-
served COOH-terminal globular domains of the Bβ and g
chains which has given insights into structural determi-
nants of fibrinogen hexamer assembly and secretion.10

Bleeding is the main symptom of afibrinogenemia, often
occurring in the neonatal period at the umbilical cord. The
natural course of afibrinogenemia is usually characterized
by spontaneous and severe bleeding, involving all tissues,
such as the skin, the oral cavity, the genitourinary tract,
the gastrointestinal tract and the central nervous system
(CNS). Intracranial hemorrhage is potentially fatal.25 In
addition, bone kysts, prolonged wound healing and spon-
taneous spleen rupture are typically observed through the
life of afibrinogenemic patients.19 Hemarthroses are also
frequent but less invalidating than in patients with hemo-
philia. Women are particularly at risk of bleeding during
the child-bearing period. Even in women with no known
fibrinogen disorder, in a prospective study aimed at deter-
mining hemostatic markers predictive of the severity of
postpartum hemorrhage, only fibrinogen concentration
was independently associated after multivariate analysis.26

In particular, a fibrinogen concentration lower than 2 g/L
was found to have positive predictive value for bleeding
events.

Paradoxically, afibrinogenemic patients are at risk of
thrombosis, a finding replicated in fibrinogen-deficient
mice, since primary hemostasis enables thrombus forma-
tion, but clots lacking fibrin are unstable and tend to
embolize.27 The reasons for increased thrombotic risk are
not entirely understood, but could be related to the
absence of thrombin sequestration by the fibrin clot, lead-
ing to excessive platelet activation.28

Fibrinogen infusions are efficient to treat acute bleeding
and prevent bleeding in the case of surgery. Plasma-
derived fibrinogen concentrate is the treatment of choice,
providing the safest and most efficient profile among the
sources of fibrinogen. Modalities of long-term fibrinogen
supplementation (on-demand versus prophylactic), as well
as the optimal trough fibrinogen level to target, are still
unresolved issues. Some concerns have been raised
regarding a potential link between fibrinogen infusion and
the occurrence of thrombotic events, although available
clinical and biological data are controversial.29

While the role of fibrinogen in hereditary bleeding dis-
orders is well-documented,30,31 similar afibrinogenemia
phenotypes have been reported in mice and zebrafish
models. The Fga knock-out mouse (Fga-/-)32 shows sponta-
neous bleeding, loss of platelet aggregation and clotting
function and reduced survival. Serious injuries, overcome
by wildtype mice, were lethal for the Fga-/- animals.
Females could not maintain gestation and fatal uterine
bleeding was observed. Many of the latter effects were
corrected by a transgene for the Aα chain, or the AαE iso-
form, in Fga-/- mice.33 Fibrinogen-deficient zebrafish have
an adult bleeding phenotype with cephalic and ventral
hemorrhaging and reduced survival compared with that of
control fish.34 In addition, venous thrombosis could not be
induced by laser in embryonic zebrafish, clearly demon-
strating a hemostatic deficiency.35

Congenital hypofibrinogenemia is much more frequent
than afibrinogenemia and is often caused by heterozygous
fibrinogen gene mutations. Recently, a systematic analysis
of exome/genome data from about 140,000 individuals
belonging to the genome Aggregation Database showed
that the worldwide prevalence of recessive fibrinogen dis-



orders varies from 1 in 106 persons in East Asians to 24.5
in 106 persons in non-Finnish Europeans.36 Subjects with
moderate or mild hypofibrinogenemia are usually asymp-
tomatic since their fibrinogen levels are sufficient to pre-
vent bleeding and pregnancy failure.37 However, in the
presence of another hemostatic abnormality or trauma,
they may also bleed and suffer pregnancy loss or postpar-
tum hemorrhage. In some cases, due to mutations in FGG,
the mutant fibrinogen forms aggregates in the endoplas-
mic reticulum of hepatocytes and can cause liver disease.19

Qualitative fibrinogen disorders are commonly associat-
ed with heterozygous missense mutations in one of the
fibrinogen genes and are more frequent than severe quan-
titative disorders. Although the exact prevalence is not
established, it is estimated to be 1 in 100 to 1,000 individ-
uals (0.1-1.0%).36 Two mutation “hotspots” account for
over 70% of the detected dysfibrinogenemia mutations.
They are at the Arg35 codon in exon 2 of FGA, encoding
a critical residue in the thrombin cleavage site of the Aα
chain, and the Arg301 codon in exon 8 of FGG, encoding
part of the g chain “hole A” fibrin polymerization site.20

Other causative missense mutations are mainly located in
the COOH-terminus of the Aα chain which, unlike the Bβ
and g chains, does not contain a large, highly conserved
globular domain. Thus, missense mutations in this region
do not have a severe impact on hexamer assembly and
secretion but can produce a dysfunctional fibrinogen mol-
ecule present in the patient’s circulation. Of note, almost
all dysfibrinogenemic variants affect fibrin polymeriza-
tion, which results in a variable tendency for bleeding. An
updated list of dysfibrinogenemia variants and related
phenotypes is available in a recent review38 and an open-
access online database (http://site.geht.org/base-fibrinogene/). 

Patients with dysfibrinogenemia are frequently asymp-
tomatic but can suffer from bleeding and/or thromboem-
bolic complications.39 Women are particularly at risk of
adverse clinical outcomes, including miscarriages or post-
partum thromboses.19 Symptoms are heterogeneous with
a poor segregation of the clinical phenotype even among
carrier relatives of the same causative mutation. Using
integrative hemostatic models, taking into account the
molecular anomaly, fibrin clot properties and family histo-
ry, may improve assessment of a patient’s phenotype.

Acquired fibrinogen diseases are far more common than
inherited ones. Acquired hypofibrinogenemia may result
from different causes including disseminated intravascular
coagulation, in which activation and consumption of
coagulation factors depletes their plasma availability.
Fibrin degradation products seen in disseminated intravas-
cular coagulation further impair normal fibrinogen func-
tion.40 Low fibrinogen levels due to disseminated intravas-
cular coagulation are commonly observed in patients with
acute promyelocytic leukemia.41 Patients with liver disease
can also have low plasma fibrinogen due to impaired pro-
duction. Hemodilution, massive hemorrhage or medica-
tion affecting liver protein biosynthesis can also contribute
to hypofibrinogenemia.42 Acquired dysfibrinogenemia
results from a health condition e.g., liver disease affecting
post-translational modifications of fibrinogen, notably sia-
lylation. Autoantibodies interfering with the physiological
functions of fibrinogen have also been reported.42 As
reviewed previously,43 several studies have investigated
the use of fibrinogen replacement in acquired coagu-
lopathies. Although it is an important treatment option for
acquired coagulopathic bleeding, more studies in different

clinical settings are necessary to optimize the dosage. In
addition, hyperfibrinolysis contributes to the bleeding
manifestations in these acquired coagulopathies, high-
lighting the importance of a subtle balance between fibrin
formation and fibrin degradation.44 Lysine analogues (e.g.
tranexamic acid) have proven their efficacy in selected
clinical situations, such as major trauma (CRASH-2 trial45)
and postpartum hemorrhage (WOMAN trial46). 

Cardiovascular disease 

Thrombosis occurs in the major cardiovascular diseases
(CVD): ischemic heart disease, stroke, and venous throm-
boembolism.47 Arterial thrombosis is associated with the
formation and rupture of an atherosclerotic plaque leading
to accumulation of platelets, whereas venous thrombosis
is linked to endothelial dysfunction and blood stasis
which trigger the aggregation of fibrin and red blood
cells.48

The involvement of elevated fibrinogen as a risk factor
for CVD remains controversial. Early prospective studies
found a clear relationship between plasma fibrinogen and
CVD event risk49-51 and the most comprehensive analysis
to date confirmed this.52 Data from 154,211 subjects with
no known history of coronary heart disease or stroke,
from 31 prospective studies, revealed associations
between fibrinogen level, major ischemic cardiovascular
events and nonvascular mortality. The hazard ratio for
coronary heart disease and stroke was 1.8 per g/L increase
in plasma fibrinogen. Similar conclusions were drawn
from a study on the presence and severity of new-onset
coronary atherosclerosis in the Han Chinese population.53

In 2,288 subjects referred for coronary angiography, plas-
ma fibrinogen was positively associated with the presence
and severity of coronary atherosclerosis, after adjustment
for cardiovascular risk factors. 

Biases in these evaluations may exist due to unmea-
sured confounding factors and causality between plasma
fibrinogen and CVD events cannot be demonstrated. The
elevated fibrinogen levels measured may result from an
inflammatory state caused by the underlying pathology,
and therefore be a consequence of the illness itself.
Nevertheless, further evidence reinforces the hypothesis
that the fibrinogen level may directly influence CVD
events or progression. Intravenous infusion of human fib-
rinogen into mice, giving a 1.7-fold increase in plasma fib-
rinogen, led to resistance to thrombolysis, increased
thrombus fibrin content, quicker fibrin formation, greater
fibrin network density and increased clot strength and sta-
bility.54

The appeal of fibrinogen as a causal factor for CVD
comes from its roles in both thrombosis and inflamma-
tion.52,53 Higher levels of fibrinogen can promote CVD
events through different pathways (Figure 1A), which,
even if they result from a pre-existing inflammatory con-
dition, may further contribute to a poorer clinical state.
Fibrinogen may favor atherogenesis when converted to
fibrin and its atherogenic degradation products, or trigger
lipid deposition and local inflammation resulting in the
formation, destabilization, and rupture of atherosclerotic
plaques. Promotion of thrombogenesis is another possible
mechanism. Fibrin(ogen) acts as a scaffold for blood clots,
enhancing platelet aggregation and fibrin formation, mak-
ing thrombi more resistant to lysis.55 Furthermore,
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fibrin(ogen) can interact with red blood cells, mediating
erythrocyte sedimentation and blood viscosity, while also
permitting red blood cells to attach to thrombi. Besides
contributing to thrombus size, structure, and stability, red
blood cells can alter fibrin network organization, suppress
plasmin generation and reduce clot permeability, possibly
delaying fibrinolysis and prolonging clot resolution, which
may contribute to CVD.48 Fibrinogen is also a selective
matrix metalloproteinase 2 (MMP-2) inhibitor. High plas-
ma fibrinogen levels could lead to MMP-2 insufficiency in
humans. As this enzyme is vital for healthy organ devel-
opment and repair, excessive MMP-2 inhibition could
result in arthritic and cardiac disorders similar to those
seen in patients with MMP-2 gene deficiency.56

There is, therefore, a potential clinical interest in fibrino-
gen-lowering drugs for the prevention and/or treatment of
CVD. However, some studies have not found a link
between high plasma fibrinogen levels and disease. While
several single nucleotide polymorphisms have been asso-
ciated with elevated fibrinogen, the analysis of 24 inde-
pendent genome-wide significant single nucleotide poly-
morphisms in 28 European ancestry cohorts, including
91,323 individuals, did not support a causal relationship
between plasma fibrinogen and CVD events.57 A more
recent Mendelian randomization study using genetic vari-
ants to uncover evidence for a causal relationship between
fibrinogen as a modifiable risk factor, and CVD events as
an outcome, came to similar conclusions.58 After account-
ing for horizontal pleiotropy, the effect of fibrinogen on
CVD is likely to be small and so resolving any causal effect

will require further analysis using larger sample sizes. 
Structural variability in fibrinogen can be linked to

CVD. Increased plasma fibrinogen g’ concentration is
associated with the risk of myocardial infarction and
other thrombotic states.59 Epidemiological data suggest
decreased levels of g’ may be associated with venous
thrombosis, due to the capacity of g’ to counteract a com-
mon risk factor for venous thrombosis i.e. plasma activat-
ed protein C resistance.60 However, increased levels of fib-
rinogen g’ are associated with arterial thrombosis. This
has been attributed to the capacity of the g’ chain to mod-
ulate the fibrin clot architecture toward a more thrombot-
ic fibrin network.61 Whether g’ is causal in this disease or
a consequence of increased inflammation is not clear, and
further studies are necessary to evaluate the hemostatic
properties of fibrinogen g’ depending on the disease type.
Nevertheless, haplotype data are concordant: a haplotype
which shows decreased fibrinogen g’ levels was associat-
ed with an increased risk of venous but not arterial
thrombosis in different studies.62,63 By contrast, a haplo-
type linked to increased g’ was associated with arterial
thrombosis, although contradictory results have been
reported.64,65

Fibrinogen variants found in congenital dysfibrinogene-
mia can contribute to CVD in different ways (Figure 1B).
These include elevated levels of free thrombin resulting
from impaired binding to fibrinogen, or altered strength,
structure and stability of the fibrin clot, prompting
embolization or compromised fibrinolysis.38 In particular,
patients carrying dysfibrinogenemic mutations which sig-

Figure 1. Possible mechanisms linking fibrinogen with cardiovascular diseases. (A) Potential contributions of high levels of plasma fibrinogen to cardiovascular dis-
eases. (B) Effects of structural variations in fibrinogen. This figure was prepared using BioRender.com. MMP-2: matrix metalloprotease 2.
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nificantly increase thrombosis risk (Online Supplementary
Table S1) can have a family history of CVD, and experi-
ence thrombotic events at a young age.37 Interestingly, four
out of seven mutations result in an amino acid change to
cysteine, which may bind to albumin, resulting in struc-
turally abnormal clots.66 Polymorphisms in the fibrinogen
genes67 have also been linked to CVD: for example, Aα
p.Thr331Ala, which alters factor XIII-mediated cross-link-
ing, results in fibrin clots prone to undergo embolization.68

Post-translational modifications of fibrinogen (e.g., oxida-
tion, phosphorylation, glycosylation and sialyation),
might also have a role in CVD by affecting clot architec-
ture, the rate and form of fibrin networks or the interac-
tion with platelets and fibrinolysis.67 In accordance with
this, dysfibrinogenemic variants that result in the over-sia-
lylation of fibrinogen, aberrant fibrin polymerization or
hypofibrinolysis were identified with relatively high
prevalence in patients with chronic thromboembolic pul-
monary hypertension.69 Fibrinolytic resistance and high
proportions of monosialyted Bβ chains were linked to
angiogenesis and growth of fibroblasts and endothelial
cells, resulting in chronic inflammation and remodeling of
pulmonary cells.70

Other known cardiovascular risk factors, including body
mass index, smoking, and diabetes mellitus, can also affect
the fibrin network and CVD risk.71 

Cancer

Coagulation factors have been linked with malignancy
for over a 100 years and high plasma fibrinogen levels, in
particular, have been associated with cancer development
and progression. Fibrinogen can be produced by some
non-hepatocyte-derived cancer cells and present in the
surroundings of tumors, such as in breast cancer.72

A meta-analysis examining the prognostic effect of cir-
culating fibrinogen in solid tumors showed a positive cor-
relation between pretreatment fibrinogen levels and poor-
er survival (hazard ratio=1.51).73 Conflicting results came
from studies on hematologic cancers,74-76 but overall
patients with elevated baseline plasma fibrinogen levels
had a significantly poorer clinical outcome. 

Fibrinogen-deficient mice (Fga-/-) were protected against
hematogenous pulmonary metastasis, but not tumor
growth after intravenous injection of lung carcinoma and
melanoma cell lines. Hirudin, a thrombin inhibitor, further
reduced the metastatic potential of circulating cancer cells
in Fga-/- mice, while plasmin depletion had no effect.77 In a
colon cancer model, the thrombin-fibrinogen axis was
shown to mediate primary tumor development, as it was
diminished in Fga-/- mice.78 

The aforementioned associations between fibrinogen
and cancer do, however, still require investigation as they
do not prove causality. Several hypotheses can be made
for the molecular mechanisms implicating fibrinogen in
the initiation and development of neoplasms (Figure 2).
First, fibrinogen binds growth factors, including vascular
endothelial growth factor and fibroblast growth factor.13

Thus, extracellular matrix-residing fibrinogen may serve
as a reservoir, controlling growth factor bioavailability and
accessibility, and influencing cancer cell proliferation, inhi-
bition of apoptosis, angiogenesis and metastases.72 For
example, fibrinogen produced by epithelial cancer cells
promotes lung and prostate cancer cell growth through an

interaction with fibroblast growth factor 2.79 Second, fib-
rinogen binds to several cell types. Fibrinogen-mediated
cellular bridging may provide traction for cancer cell adhe-
sion, shape changes, motility, and invasive potential.72 An
example is fibrin(ogen) binding to endothelial intercellular
adhesion molecule-1, facilitating the lodging of circulating
tumor cells.80 Finally, the fibrinogen interaction with
platelets via β3-integrins facilitates the protection of
tumor cells from natural killer-cell cytotoxicity, permitting
escape from host immune surveillance.81 Furthermore,
interaction with integrin receptor αMβ2 has been suggested
to modulate the inflammatory response by inducing
leukocyte adhesion to endothelial cells and production of
pro-inflammatory cytokines in peripheral blood mononu-
clear cells.82 Thus, fibrinogen influences an inflammatory
tumor microenvironment to favor tumor progression.

These studies suggest that modulating fibrinogen levels
in cancer patients may have therapeutic potential.
Lowering plasma fibrinogen, either via drug therapy or
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Figure 2. Schematic diagram of pro-tumorigenic mechanisms involving
fibrin(ogen). Fibrin(ogen) binds and surrounds cancer cells, forming a structure
that protects tumors from immune cells, in a process that may be enhanced by
attracted platelets. By interacting with endothelial cells via intercellular adhesion
molecule-1, among other receptors, fibrin(ogen) contributes to the extravasation,
cell migration and establishment of secondary tumors, while the link with leuko-
cytes via αMβ2 results in the production of pro-inflammatory cytokines (e.g., inter-
leukin-1β) rendering an inflammatory microenvironment that potentially favors
tumor progression. The presence of fibrin(ogen) surrounding the tumor, in addi-
tion to its protective role, may generate thrombotic events which could prompt a
worse clinical outcome. Finally, fibrinogen’s ability to bind different growth fac-
tors further contributes to tumor maintenance. This figure was adapted from
Simpson-Haidaris et al.72 and prepared using BioRender.com. BM: basement
membrane; ECM: extracellular matrix; ICAM-1: intercellular adhesion molecule 1.
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lifestyle changes, may help to prolong survival in cancer
patients. Likewise, other approaches targeting fibrinogen-
dependent interactions (e.g., inhibitors of fibrinogen-αMβ2

interactions) may also prove useful in cancer treatment
and/or prevention.73

Neurological disorders

The biological complexity of several neurological dis-
eases involving the CNS, such as Alzheimer disease and
multiple sclerosis, is not yet fully understood. However,
the need to study CNS cells within their environmental
context is clear.

The brain vasculature consists of dynamic metabolic
structures that work as a continuum from artery to arte-
riole to capillary to venule to vein.83,84 The blood-brain
barrier (BBB) is essential to separate blood from extracel-
lular fluid in the CNS. The BBB is formed by endothelial
cells that maintain critical interactions with other cells,
together with a basement membrane that affords an
anchor for many signaling processes at the vasculature.84

By providing a dynamic physical and metabolic barrier
between the CNS and systemic circulation, the BBB
ensures constant protection of the neural microenviron-
ment from the influx of potentially harmful substances
including plasma proteins, immune cells, pathogens and
drugs, while maintaining the efflux of toxins and waste
products.83,84 Disruption of the BBB is an early event that
occurs in many neurological disorders, such as Alzheimer
disease, in which, along with microglial activation and
neuronal cell death, the neuropathological hallmarks
include extracellular deposition of amyloid-β (Aβ) in senile
plaques and blood vessel walls, and the intracellular accu-
mulation of neurofibrillary tangles containing phosphory-
lated tau proteins.85 Brain micro-hemorrhages are fre-
quently observed in patients with Alzheimer disease, and
BBB disruption correlates with disease progression.86 In
animal models of Alzheimer disease, BBB leakage pre-
cedes other neuropathological alterations in the brain,87

suggesting that damage to the barrier is implicated in the
initiation and progression of the disease.85 BBB disruption
is also one of the earliest representative events in the
pathology of multiple sclerosis.88 Indeed, BBB disturbance
is linked to the inflammation and white matter injury that
define this neuroinflammatory disorder.83,85 Fibrinogen
may extravasate into the CNS upon such events. Once in
the brain, fibrin(ogen) can induce signaling networks via
binding sites for multiple receptors and proteins, acting as
a mediator of neurodegeneration and an activator of
innate immunity.85

Fibrin deposits are found in early multiple sclerosis
lesions and areas of demyelination in close association
with inflammation and damaged axons.89 In Alzheimer
disease, fibrin deposits accumulate within CNS blood ves-
sels in conjunction with cerebral amyloid angiopathy.90 In
the perivascular brain parenchyma, fibrin co-localizes
with Aβ plaques,91 macrophages,92 areas of pericyte loss93

and dystrophic neurites.94

Fibrin formation exposes the cryptic epitope g377–395,
which binds with high affinity to the αMβ2 integrin on
microglia and infiltrating macrophages, activating multiple
signal transduction pathways to promote inflammatory
responses. This is associated with antigen presentation,
release of reactive oxygen species95 and secretion of the

leukocyte-recruiting chemokines CCL2, and CXCL10.96 In
multiple sclerosis this may lead to T-cell recruitment and
local differentiation of myelin antigen-specific T helper 1
cells to promote autoimmunity and demyelination.96 In
animal models of Alzheimer disease, fibrin(ogen) was
shown to accumulate in areas of dendritic spine elimina-
tion, even independently and distal to Aβ peptides that
aggregate to form neurotoxic and stable oligomers, with
ensuing cognitive impairment.97 The fibrinogen-mediated
elimination depends on microglial αMβ2 receptor activation
and generation of reactive oxygen species. However, the
fibrin-Aβ interaction has an additive effect on poor out-
come. Aβ can activate contact pathway coagulation to
drive fibrin formation,98 protect fibrin from degradation99

and allow a constant inflammatory signal.
Fibrin(ogen) contributes to neurological disease by

inhibiting remyelination after vascular damage.85

Fibrinogen can activate bone morphogenetic protein
(BMP) receptor activin A receptor type I and downstream
BMP-specific SMAD proteins in oligodendrocyte progeni-
tor cells, independently of BMP ligands.100 This prevents
oligodendrocyte progenitor cells from differentiating into
myelinating oligodendrocytes and promotes an astrocyte-
like cell fate. Fibrin-M1-like activation of microglia101 and
macrophages96 can also be toxic to oligodendrocyte pro-
genitor cells and further impair remyelination.85 Another
possible mechanism is through fibrin-induced phosphory-
lation of extracellular signal-regulated kinases and produc-
tion of nerve growth factor receptor in Schwann cells,
maintaining them in a proliferating, non-myelinating
state.102

Neurite outgrowth inhibition103 and glial scar forma-
tion104 may also be triggered by fibrinogen, leading to cere-
brovascular pathologies. Fibrinogen inhibits neurite out-
growth by binding the αVβ3 integrin and trans-activating
epidermal growth factor receptor in neurons.103 Inhibition
of axonal regeneration occurs indirectly by prompting
astrocytosis and stimulating the production of inhibitory
proteoglycans that form the glial scar. Fibrinogen can carry
a latent transforming growth factor-β that is activated
when it encounters primary astrocytes, stimulating the
production of neurocan, a strong inhibitor of neurite out-
growth.104

Consistent with these observations, reducing fibrinogen
levels with ancrod,105 manipulating the conversion of fib-
rinogen into insoluble fibrin with hirudin101 and interfering
with fibrinolysis by tissue plasminogen activator106 all
attenuated injuries and promoted regeneration and func-
tional recovery. Similar results were also obtained after
treatment with g377–395 peptide107 or a monoclonal anti-
body against the same epitope,108 revealing an essential
role for fibrin in peripheral nerve damage and repair. 

In summary, fibrin(ogen) can induce degenerative
changes in the CNS through different mechanisms that
initiate or potentiate neurodegenerative processes after
vascular disruption (Figure 3A). While many studies have
found that fibrin(ogen) promotes neuroinflammation
through binding to the αMβ2 integrin on macrophages and
microglia, pericyte-deficient mice lack a significant neu-
roinflammatory response until late in the disease. These
mice suffer from early BBB breakdown and accumulation
of white matter fibrin(ogen) that is associated with dimin-
ished blood flow and hypoxia. However, following white-
matter injury, no changes were detected in astrocyte,
microglia or macrophage responses or pro- and anti-
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inflammatory cell profiles and/or numbers of astrocytes
and microglia in the resting state. This suggests that fib-
rin(ogen)-driven neurodegeneration can also be inflamma-
tion-independent (Figure 3B).105

Association studies have correlated elevated plasma fib-
rinogen levels with cognitive decline, independently of
inflammatory markers.109,110 Proteomic studies detected
higher fibrinogen levels on platelets from subjects with
secondary progressive multiple sclerosis.111 This highlights
dysfunctional coagulation as a common thread among
diverse neurovascular abnormalities. Fibrin(ogen) may,

however, be beneficial in acute CNS injuries by delaying
regeneration until the extracellular environment is con-
ducive to repair.100

Pharmacological agents targeting fibrinogen or fibrino-
gen interactions with CNS cells or other players may have
potential as therapeutics for neurological diseases. Such
drugs could include agents that enhance fibrin(ogen)
degradation, protect the BBB to limit fibrin(ogen) entry
into the CNS, or selectively inhibit the interactions of fib-
rinogen and fibrin with their CNS receptors, αMβ2 or Aβ,
while preserving the beneficial functions of fibrinogen.85

Figure 3. Schematic repre-
sentation of the mecha-
nisms linking fibrin(ogen),
neurological diseases and
cognitive impairment upon
blood-brain barrier break-
age. (A) The main compo-
nents of the pathways that
ultimately lead to neuroin-
flammation and neurodegen-
eration are described in this
panel, including the interac-
tion with Aβ peptides
observed in Alzheimer dis-
ease. (B) An alternative
mechanism that does not
implicate inflammation.
Increased fibrin(ogen) accu-
mulation results in pericyte
and oligodendrocyte loss,
without affecting astrocytes
or microglia. This will lead to
microvascular dysfunction
and white matter pathology.
This figure has been adapted
from Petersen et al.85 and
Merlini et al.97 and created
with BioRender.com. ACVR1:
activin A receptor type 1; Aβ:
amyloid-β; OPC: oligodendro-
cyte progenitor cell; ROS:
reactive oxygen species;
TGFR1: transforming growth
factor-β receptor type 1; Th1:
T helper 1 cells.

A

B
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Microbial infections and allergic reactions

Fibrin(ogen) is implicated in defense against pathogen
invasion,112 for example in peritonitis. Recent findings from
experiments in vitro and in vivo show that at the air-liquid
interface formed following a skin wound fibrin can accu-
mulate perpendicularly to generate a protective biofilm.14

These structures, which are an end product of clotting and
fibrin formation, prevent blood cell loss from the wound
but also block the entry and early proliferation of bacteria
at the injury site. However, in other settings fibrin(ogen)
enhances bacterial virulence15 or contributes to the develop-
ment and perpetuation of allergic reactions.113 

Certain bacteria express virulence factors that appropri-
ate fibrin(ogen) to facilitate their entry into the host, lim-
iting the antimicrobial role of fibrinogen and protecting
the organisms from pharmacological treatments.
Virulence factors can also enhance bacterial proliferation
and dissemination.112 

The anti- or pro-invasion effects of fibrin(ogen) reflect
the activity of bacterial virulence factors (Table 1) which
have adapted to unique host microenvironments. For
example, different murine models of Staphylococcus aureus
endocarditis require distinct factors for valve colonization.
Microbial adhesion and colonization in mice with
mechanically damaged valves involve fibrin(ogen), where-
as in a model of cardiac valve inflammation, fibrin(ogen)
depletion with ancrod did not impair bacterial coloniza-
tion. Bacterial volume increased in ancrod-treated mice
compared to that in controls.114 Further comprehension of
the roles of coagulation factors on bacterial virulence may
lead to therapeutic strategies for the treatment of infec-
tious diseases, particularly given the increasing demand to
find a solution to antibiotic resistance.115 

In fungal infections, proteases contribute to inflamma-
tion through interactions with the kinin system as well as
the coagulation and fibrinolytic cascades.116 In this context,
the fibrin(ogen) interaction with αMβ2 is implicated, as it

may further react with toll-like receptor 4 (TLR4) in
immune cells, resulting in a highly efficient signaling com-
plex that regulates the development of antifungal reac-
tions, but also allergic airway disease.113 Fungal proteinases
cleave fibrinogen into cleavage products (FCP) which,
together with αMβ2 and TLR4, were found to be essential
for fungal elimination by T and B lymphocytes, dendritic
cells and macrophages. The fibrinogen hexamer can also
inhibit fungal growth, perhaps due to low affinity fibrino-
gen-target receptor interactions. However, the putative
αMβ2/TLR4/FCP complex also triggered innate fungistatic
immunity, modest allergic airway hyper-responsiveness
and neutrophilia.113 Interestingly, this αMβ2/TLR4/FCP
association has been described in unrelated settings,
including endotoxemia and malaria.117,118 Thus, FCP that
play a role in infection-mediated inflammatory responses
have a pivotal role in the clinical outcome of patients with
fungi-induced autoimmunity.113

Finally, fibrin(ogen) also seems to be implicated in bac-
teria-driven hypersensitivity reactions. Pharmacological or
genetic depletion of fibrinogen in mice improved the ani-
mals’ survival when they were challenged with high con-
centrations of lipopolysaccharide, and impeded the devel-
opment of a variety of inflammatory conditions.15 In
humans, afibrinogenemic patients have reduced responses
in a delayed-type hypersensitivity reaction induced by
exposure to bacterial antigens.119 

Obesity and diabetes 

Nutrient excess leads to imbalances in cellular and
molecular mediators of immunity and inflammation.120

These may drive metabolic dysfunction while triggering a
hypercoagulable state, with elevated circulating levels of
fibrinogen being among key coagulation components.121

Initial risk, severe morbidity and mortality outcomes for
vessel-occlusive disorders correlate positively with the

Table 1. Factors associated with fibrinogen-induced virulence.15,112

Factor                                                                            Virulence mechanisms

Clumping factor A                                                                       • Mediates the binding of bacteria to fibrin(ogen) immobilized on a surface 
                                                                                                         • Forms an abscess that prevents or inhibits platelet aggregation, complement activation and 
                                                                                                         opsonophagocytosis 
Fibronectin binding proteins A and B                                    • Contribute to biofilm formation 
                                                                                                         • Bind plasminogen to facilitate staphylokinase activity (see below) 
Bone sialoprotein–binding protein                                        • Prevents thrombin-mediated cleavage of fibrinogen
Extracellular fibrinogen–binding protein                             • Formation of a protective shield of fibrin(ogen) that prevents phagocytosis and innate immune 
                                                                                                        cell recognition
                                                                                                         • Sequestration of fibrinogen preventing its interaction with neutrophils 
Endocarditis- and biofilm-associated pilus-A                       • Mediation of bacterial attachment to host fibrinogen, which permits building biofilms that 
                                                                                                         o shield bacteria from immune cell recognition, antibiotics, and urine flow (if applicable)
                                                                                                         o contribute to nutrient acquisition
Coagulase and von Willebrand                                                • Coagulase mediates formation of a fibrin(ogen)-containing inner pseudocapsule that envelopes 
factor–binding protein                                                              bacterial microcolonies
                                                                                                        • vWbp contributes to an extended outer dense protective layer
                                                                                                        • Both induce thrombin activation to form a fibrin(ogen) protective shield around the bacteria 
                                                                                                         against phagocytosis and innate immune cell recognition 
Staphylokinase                                                                             • Contributes to the activation of plasminogen, which readily degrades fibrin to prevent microbial 
                                                                                                         entrapment or permit bacterial detachment and dispersion throughout the host
                                                                                                         • Neutralizes the bactericidal effects of α-defensins secreted from polymorphonuclear cells



degree of obesity.121,122 Thus, obesity represents a major
risk factor for other pathologies, including thromboembol-
ic events, CVD, diabetes, cancer and fatty liver dis-
ease.120,121

Fibrinogen may be involved in the pathology of obesity.
Levels of fibrinogen are higher in obese patients with type
2 diabetes than in obese subjects without type 2 dia-
betes.123 In addition, plasma fibrinogen levels correlate
with fasting insulin levels and disease state advancement
in noninsulin-dependent diabetics,124 and while insulin
infusion decreases fibrinogen biosynthesis in normal sub-
jects,125 insulin resistance/deficiency may contribute to
hyperfibrinogenemia.126 Furthermore, fibrinogen from dia-
betic patients generates denser, fibrinolysis-resistant clots,
while insulin treatment leads to changes in fibrinogen and
a more permeable clot.127 These alterations have been
attributed to the glycation of fibrinogen and its effect on
fibrin clots, potentially contributing to the risk of throm-
bosis.

Mice fed with a high-fat diet developed fibrin(ogen)
deposits in white adipose tissue and liver which co-local-
ized with macrophage accumulation.128 In contrast to FibgΔ5

mice and mice without factor XIIIA, Fibg390–396A animals
were protected from increased body weight with a high-
fat diet, specifically at the fat mass level. These animals,
with fibrin(ogen)-g residues 390 to 396 replaced with ala-
nine and therefore lacking an αMβ2-binding motif on fib-
rin(ogen),129 showed less systemic and local inflammation,
demonstrated by lower levels of pro-inflammatory mole-
cules, adipose tissue macrophages and smaller white adi-
pose tissue adipocytes128 when compared to those of wild-
type animals. In addition, the fibrinogen g390–396A vari-
ant led to lower liver weight, steatosis, serum alanine
aminotransferase and hepatic inflammatory markers, and
conferred some degree of protection against the develop-

ment of induced fatty liver disease. Glucose clearance and
insulin sensitivity were improved, revealing improved glu-
cose metabolism. 

Thus fibrin(ogen)-driven inflammation, via leukocyte
interactions in adipose tissue and liver, worsens obesity
and increases its downstream harmful effects. Targeting
thrombin or fibrin(ogen) may improve the morbidity of
obesity-linked pathologies.

Amyloidosis

Amyloidosis is a group of disorders originating from
mutations that cause conformational changes, typically
involving β-sheet structures, in soluble proteins. These
then aggregate as extracellular amyloid fibril deposits in
various organs. In systemic forms, amyloidosis can pro-
gressively induce organ dysfunction, and be fatal.130

Fibrinogen-driven renal hereditary amyloidosis is a rare
group of disorders with autosomal‐dominant inheritance
caused by heterozygosity for mutations in the αC-
domain, which result in improper folding and amyloid for-
mation followed by accumulation and deposition in the
kidneys.66 Other elements present in the deposits can fur-
ther contribute to fibrin(ogen) amyloid formation, namely
amyloidosis-enhancing factor131 and serum amyloid A.132

The latter binds to purified fibrinogen and induces amy-
loid formation and spontaneous dense, matted
fibrin(ogen) deposits, independently of thrombin.
However, its involvement in renal amyloidosis has not yet
been demonstrated. 

Fibrinogen-derived amyloid deposits disrupt kidney
structure and impair kidney function, effects that become
more severe over time, with accumulation of the amyloid.
Amyloidosis is associated with hypertension, nephrotic
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Figure 4. Pathogenesis of fib-
rinogen amyloidosis and its
visceral, vascular, cardiac
and neurological implica-
tions. Fibrinogen variants are
produced in the liver where
they may rarely cause hepatic
amyloidosis. In addition to
the kidney, where deposits
prompt renal failure, fibrino-
gen has different targets. It
may also accumulate in vas-
cular and cardiac walls,
resulting in impaired
endothelial function. This,
together with nephrotic syn-
drome, hyperlipidemia and
hypertension, facilitates
atheroma formation and
eventually results in coronary
atherosclerosis. Fibrinogen
may be the basis of neuro-
pathic features as well as the
symptoms of gut dysmotility
in patients with fibrinogen
amyloidosis. This image was
adapted from Picken MM135

and created with
BioRender.com.
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syndrome, and renal failure.66 Several renal amyloidogenic
mutations in fibrinogen have been described (Online
Supplementary Table S2). Patients with these mutations do
not have a bleeding disorder and, when measured, the
clotting times of patients with these variants are normal,
except those with p.Thr544LeufsTer24 who had a pro-
longed thrombin time and low fibrinogen level.133

While the kidney is the predominant organ for fibrino-
gen-amyloid deposition, the pathology of hereditary fib-
rinogen amyloidosis is not restricted to involvement of
this organ. Fibrinogen amyloidosis patients show a high
incidence of cardiovascular atheromatous disease with a
family history of coronary/vascular disease.134 Fibrinogen
deposits are found in vascular walls and atheromatous
plaques, associating fibrinogen variant amyloidosis and
atherosclerosis. While nephrotic syndrome with hyper-
lipidemia and hypertension may facilitate atheroma for-
mation, the cardiovascular findings are unlikely to be
caused by renal failure alone. Thus, hereditary fibrinogen
amyloidosis is a complex systemic amyloid disease that is
associated with cardiac amyloid deposition, angiopathy
and atheromatosis134,135 (Figure 4).

There are currently no treatments available to resolve
amyloid deposits. Disease management consists of inter-
rupting amyloidogenic protein supply with supportive
care to failing organs, and transplantation. Hepato-renal
transplantation appears to prevent disease progression and
allows reversal of some organ dysfunction.134,135

Conclusions

As the thrombin substrate for generating fibrin, fibrino-
gen has a critical role in controlling bleeding upon vascular
injury, as well as being a major determinant in wound
healing, tissue regeneration and mediation of inflammato-
ry responses that help the immune system fight invading
pathogens. However, several layers of evidence point to
fibrin(ogen) as a contributor in pathological settings
(Figure 5). These contributions may result from altered
plasma concentration, modified structural properties, or
from the impact of polymorphisms on clot permeability,
stiffness and resistance to lysis. The presence of
fibrin(ogen) in particular locations is a determinant in the
development of disease. Here we have discussed human
disorders in which the role of fibrin(ogen) is supported by
clinical data and animal models. Fibrin(ogen) is also a like-
ly protagonist in fibrotic and arthritic diseases. Continued
research will allow a better understanding of these com-
plex disease settings and the impact of fibrin(ogen).
Whether the presence, quality or abundance of
fibrin(ogen) has a causal role, or is a consequence of the
underlying pathology, should be a focal point. Such
research will help to evaluate the usefulness of targeting
fibrin(ogen) in a variety of human disease settings.

Figure 5. Scheme summarizing the mechanisms of fibrin(ogen) as a friend (in green) and foe (in red) in human disease. Square boxes represent abnormalities that
prompt fibrinogen involvement in illness settings. CNS: central nervous system; CVD: cardiovascular diseases; FCP: fibrinogen cleavage products; HFD: high-fat diet;
MMP-2: matrix metalloproteinase 2; PTM: post-translational modifications; TLR4: toll-like receptor 4.
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