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Abstract
Fibronectins are adhesive glycoproteins that can be 
found in tissue matrices and circulating in various flu-
ids of the body. The variable composition of fibronectin 
molecules facilitates a diversity of interactions with cell 
surface receptors that suggest a role for these proteins 
beyond the structural considerations of the extracel-
lular matrix. These interactions implicate fibronectin in 
the regulation of mechanisms that also determine cell 
behavior and activity. The two major forms, plasma 
fibronectin (pFn) and cellular fibronectin (cFn), exist 
as balanced amounts under normal physiological con-
ditions. However, during injury and/or disease, tissue 
and circulating levels of cFn become disproportionately 
elevated. The accumulating cFn, in addition to being a 
consequence of prolonged tissue damage, may in fact 

stimulate cellular events that promote further damage. 
In this review, we summarize what is known regarding 
such interactions between fibronectin and cells that may 
influence the biological response to injury. We elaborate 
on the effects of cFn in the liver, specifically under a 
condition of chronic alcohol-induced injury. Studies have 
revealed that chronic alcohol consumption stimulates 
excess production of cFn by sinusoidal endothelial cells 
and hepatic stellate cells while impairing its clearance by 
other cell types resulting in the build up of this glycopro-
tein throughout the liver and its consequent increased 
availability to influence cellular activity that could pro-
mote the development of alcoholic liver disease. We 
describe recent findings by our laboratory that support a 
plausible role for cFn in the promotion of liver injury un-
der a condition of chronic alcohol abuse and the implica-
tions of cFn stimulation on the pathogenesis of alcoholic 
liver disease. These findings suggest an effect of cFn in 
regulating cell behavior in the alcohol-injured liver that 
is worth further characterizing not only to gain a more 
comprehensive understanding of the role this reactive 
glycoprotein plays in the progression of injury but also 
for the insight further studies could provide towards 
the development of novel therapies for alcoholic liver 
disease.
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INTRODUCTION
Fibronectins are ubiquitous, multifunctional, high-molec-
ular weight glycoproteins that have been implicated in a 
wide array of  fundamental biological processes specific 
to their structure and distribution in the body. These pro-
teins have been the subject of  extensive study for over 60 
years yet their physiological roles remain to be completely 
defined. Most reports emphasize their critical participa-
tion in biological phenomena involving the modulation of  
components in the extracellular environment. However, 
there is a growing body of  evidence that reveals fibronec-
tins may also be directly involved in regulating cellular be-
havior, particularly in injured tissue and under pathological 
circumstances.

HISTORY
Two classes of  fibronectin exist in vivo, each discovered 
through widely different research initiatives. Plasma fi-
bronectin (pFn), which is found primarily as a soluble 
dimer circulating in various body fluids, was first identi-
fied as “cold-insoluble globulin” during post World War 
Ⅱ studies on the fractionation of  human blood plasma[1]. 
Twenty-five years later, the search for tumor markers led 
to the discovery of  cellular fibronectin (cFn) described 
then as the “large external transformation sensitive (LETS) 
protein” or “galactoprotein”, and later determined to also 
be the “surface fibroblast antigen”[2-4]. This fibronectin is 
found predominantly as an insoluble, multimeric, fibrillar 
constituent of  extracellular matrices. Separate biochemi-
cal and cell biological analyses of  these two glycoprotein 
types drew similar conclusions that eventually led to the 
convergence of  such studies and the realization that these 
molecules are, in fact, related[5-7]. The common term of  
“fibronectin” was agreed upon to define these similar 
proteins, but it was only after detailed genetic and struc-
tural analyses could be made that this similarity was truly 
understood[8]. 

During a marked collaborative period, several other 
research groups became aware that their glycoproteins 
of  interest, originating from sources other than plasma 
and fibroblasts, resembled fibronectin in character. It 
was revealed that these proteins were, in fact, variants 
of  fibronectin, as it appeared they all derive from the 
same complex gene. This gene consists of  more than 45 
distinct coding (exons) and non-coding (introns) nucleo-
tide sequences, which can be transcribed from a single 
promoter into alternatively spliced messenger RNAs that 
account for the multiple isoforms of  fibronectin found 
in human tissue[9-11]. 

STRUCTURE
Generally, the functional protein is composed of  two sim-
ilar, but not always identical subunits of  220 to 250 kDa 
that are joined by disulphide bonds at the carboxyl-termini 
to create the characteristic fibronectin dimer. Greater than 
90% of  the structure of  each fibronectin monomer is 

defined by variable combinations of  three different types 
of  homologous repeating domains termed Types Ⅰ, Ⅱ 
and Ⅲ that are linked by short peptide segments (Figure 
1)[8]. There are twelve Type I (~40 amino acid residues) 
and two Type Ⅱ (~60 amino acid residues) homologous 
repeats in each fibronectin sequence that are individually 
folded to form sheets of  β-strands stabilized by disulphide 
bonds. Type Ⅲ repeats (~90 amino acid residues) of  
which there are fifteen to seventeen per sequence flanked 
by Type Ⅰ and Type Ⅱ regions, are similarly organized 
into overlapping β-sheets. However, these modules lack 
disulphide bridges, thus have greater conformational lati-
tude. Type Ⅰ and Type Ⅱ modules are each encoded by 
a single exon, while Type Ⅲ modules are coded for by 2 
exons each with the exception of  extra domains A and B 
(denoted EIIIA, EDA or EDI and EIIIB, EDB or EDII 
respectively) and the ninth Type Ⅲ domain (Ⅲ-9). Rather, 
these particular domains are each encoded by single exons 
of  somewhat extended lengths[8-11]. 

Considerable molecular subunit diversity results from 
the complex splicing of  the fibronectin primary transcript 
at three specific sites that code for the Type Ⅲ domains, 
EIIIA, EIIIB, and a region of  the molecule towards the 

2483 May 28, 2011|Volume 17|Issue 20|WJG|www.wjgnet.com

1

2

3

4

5

6

1

2

7

8

9
1

2

3

4

5

6

7

EIIIB

8

9

10

11

EIIIA

IIICS

12

13

14

15

10

11

12
S
S

COOH

NH2

IGD motif

isoDGR

TNF-a

HGF

IGD motif

PRAQI/KLDAPT

AGEGIP

KNEED

PHSRN

RGD

EDGIHEL

VEGF
PRARI/IDAPS

LDV (CS1)
REDV (CS5)

CTGF

Factor ⅩⅢa

avb3

a5b1

a4b1, a4b7

Collagen/gelatin

a5b1, avb3, avb5, avb6 
avb1, a3b1, a8b1, aIIbb3 

a9b1, a4b1

a4b1

Heparin/a4b1, a4b7

Fibrin Ⅱ

Heparin Ⅱ/
chondroitin

sulphate

CTGF
MSF (70 kDa)

Fibronectin modules

Type Ⅰ

Type Ⅱ

Type Ⅲ

Type Ⅲ-alternatively 
spliced repeat

Cryptic site

Fibrin I

Heparin I

Figure 1  Domain structure and interaction sites of fibronectin. Fibronectin 
is a dimer comprised of two subunits which are covalently joined by two disulfide 
bridges near the COOH-terminus. Each subunit consists of three types of homolo-
gous structural domains called Ⅰ, Ⅱ, and Ⅲ. Recognition sequences, integrin 
binding sites, cryptic sites and interactive regions of the molecule are labeled.



carboxyl-terminus that links Type Ⅲ units, Ⅲ-14 and Ⅲ
-15, referred to as the Type Ⅲ connecting segment (IIICS) 
or variable (V) domain[8]. Patterns of  inclusion or exclu-
sion of  the sequences of  these three alternatively spliced 
domains confer variability among species that express fi-
bronectin[8, 11]. In fact, variations between the two biologi-
cal forms of  this glycoprotein are also largely attributed 
to differential splicing of  pre-mRNA. Neither subunit of  
the pFn dimer contains the EIIIA and EIIIB sequences 
and only one of  these subunits has a V-region. Alterna-
tively, cFn contains variable proportions of  all three do-
mains[8,11]. Furthermore, the V-domain undergoes a more 
intricate tissue-specific splicing mechanism that results in 
its sequence being either entirely included or excluded, 
or only variable parts of  it being present in the molecule. 
In humans, such splicing patterns generate five V-region 
variants. Altogether, these mechanisms can potentially 
produce greater than twenty human subtypes, which can 
be assembled to form a diverse array of  fibronectin het-
erodimers. Such varied composition, particularly for cFn, 
is likely associated with a diverse array of  functions.

Further structural complexity is established through 
post-translational modifications of  the fibronectin mol-
ecule. Though both phosphorylation and sulfation have 
been observed, these modifications do not appear to 
account for significant differences among isoforms[12]. 
However, analyses have revealed considerable variation in 
the glycosylation profiles of  fibronectin molecules derived 
from different sources[8,13]. All forms of  fibronectin con-
tain significant amounts of  carbohydrate (5%-10%) that 
are predominantly in the form of  biantennary asparagine-
linked side chains that reside mostly among Type Ⅲ re-
peats. Some heterogeneity, with regard to the number and 
size of  these carbohydrate side chains, is present among 
individual fibronectin polypeptide units. Studies have 
shown that domains with carbohydrate moieties are resis-
tant to proteolysis and that glycosylation contributes to the 
conformational stability of  the fibronectin molecule[14]. In-
terestingly, cFn variants have greater carbohydrate content 
than pFn which may serve to protect the function of  cFn 
molecules in areas of  active proteolysis and tissue remodel-
ing where they are normally found. Additional evidence 
suggests that glycosylation may be involved in modulating 
the binding affinity of  fibronectin to other matrix, as well 
as, cell-surface proteins[15]. Rotundo et al[16] revealed that the 
composition of  the carbohydrate side chain determines 
whether fibronectin associates with a receptor on the 
surface of  liver parenchymal cells that is involved in the 
clearance of  endogenous glycoproteins from circulation. 
The presence of  terminal galactose residues on the carbo-
hydrate side chains of  cFn make it a natural ligand for this 
receptor, termed the Ashwell or asialoglycoprotein receptor 
(ASGP-R), however, the fully sialylated chains of  pFn are 
not recognized[16,17]. Approximately 80%-85% of  the termi-
nal carbohydrates of  cFn are not capped by sialic acid[8]. 

Typically, the absence of  sialic acid caps on its carbo-
hydrate chains suggests that a protein is defective either as 
a result of  normal catabolic mechanisms or pathogen in-

duced sialidase activity[18]. These proteins may be harmful 
and induce a defensive response from the body if  they are 
not rapidly removed. Perhaps cFn, as a naturally occurring 
desialylated glycoprotein, is intended to provoke a similar 
response from tissues that generate it in excess locally par-
ticularly during conditions of  disease and disrepair.

FUNCTIONAL INTERACTIONS AND 
CHARACTER
The complex structure of  fibronectins, their extensive 
presence in various tissues and fluids of  the body, and 
their conserved expression across species, suggest that 
these molecules are important to fundamental biological 
processes. This is conclusively demonstrated by the le-
thality of  FN gene inactivation during early murine em-
bryonic development[19]. A greater understanding of  this 
fundamental position can be obtained through a closer 
examination of  its molecular architecture.

Fibronectin’s functional properties are mapped by 
specific domains of  modular repeats along the molecule 
itself[8,20,21]. Polypeptide regions linking these globular do-
mains are particularly susceptible to proteolysis, thus are 
readily cleaved to form fibronectin fragments of  defined 
structural and functional character. Analyses of  these frag-
ments have led to the identification of  distinct interacting 
sites along the fibronectin molecule that provide some 
insight into the physiological role of  this glycoprotein 
(Figure 1)[8,20,21]. 

The domain represented by the amino-terminal frag-
ment of  fibronectin is composed of  type I homologous 
repeats that can bind to a variety of  substrates including 
matrix heparin and cell-surface heparan sulfate proteogly-
cans, glycosphingolipids found in membranes of  central 
nervous system tissues, as well as to bacteria[22]. Of  par-
ticular relevance is this domain’s strong affinity for fibrin, 
an insoluble plasma protein essential to blood clotting, to 
which fibronectin can be covalently stabilized via factor 
ⅩⅢa transglutaminase-catalyzed cross-linking[23]. This 
cross-linking mechanism can also facilitate other fibro-
nectin interactions with asymmetric acetylcholinesterase 
and Staphylococcus aureus[24,25]. Thrombospondin, present 
in tissue matrices and implicated in platelet aggregation, 
also binds to fibronectin at its amino-terminal domain[26]. 
These interactions suggest the participation of  fibronectin 
in such events as cell adhesion, blood clotting, as well as 
pathogen recognition and/or clearance. 

Immediately adjacent to the amino-terminal domain is 
the highly glycosylated collagen/gelatin binding site of  the 
fibronectin molecule[8,20,21]. Fibronectin has demonstrated 
variable affinity for the various types of  collagen in their 
native forms, however, it also adheres quite effectively to 
the unfolded regions of  the denatured collagen triple he-
lix[27]. Under physiological conditions, it appears that Type 
I collagen, which is found at elevated levels in the matrices 
of  injured tissue, is in an unfolded state thus could readily 
interact with fibronectin[28]. The same domain that adheres 
to collagen can also bind to the C1q component of  the 
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complement system, facilitating fibronectin’s involvement 
in the clearance of  immune complexes and cellular debris 
during the body’s defense response[29]. 

Situated at the carboxyl-terminal region of  fibronectin 
is the molecule’s major heparin binding domain[30]. It com-
prises Type Ⅲ repeats along with a variable segment that 
is determined by the tissue of  origin. Nearest to the inter-
chain disulphide bonds is a region consisting entirely of  
Type Ⅰ modules that contains the molecule’s second fibrin 
binding site. However, this domain does not exhibit the 
diverse interactions of  its amino-terminal counterpart and 
plays a more minor role in fibronectin-fibrin binding[30]. 

Clearly, the structure-function relationships of  the ter-
minal regions of  fibronectin are well defined and reflect 
similar substrate affinities and functional character. Con-
versely, the central, more variable region of  the fibronec-
tin molecule remains more obscure. This central region 
is made up entirely of  Type Ⅲ homologous repeats that 
include the alternatively spliced EIIIA and EIIIB se-
quences positioned between repeats 11 and 12, and 7 and 8, 
respectively[8-10]. The heightened susceptibility of  this sec-
tion of  the molecule to protease activity precludes it from 
the extensive fragmentation analysis that has been used 
to characterize the amino- and carboxyl-termini. Rather, 
the functional character of  this large area of  fibronectin 
must be determined through alternative analytical means. 
Accordingly, primary sequence data analysis has revealed 
the presence of  a plausible DNA and heparin binding site 
adjacent to the collagen binding domain at the amino end 
of  the central region; while the extra domains, EIIIA and 
EIIIB, have been implicated in a variety of  roles based 
largely on in vitro analyses of  their increased presence in 
fibronectin, particularly, under certain conditions of  injury 
and disease[31-34].

Unlike the isoforms found in embryonic tissue, fibro-
nectin molecules from healthy adult tissues include very 
low levels of  EIIIA and EIIIB[35,36]. However, the variants 
with EIIIA and EIIIB will re-appear in abundance dur-
ing such processes as wound repair and tissue regenera-
tion[32,37]. Elevated levels of  EIIIA and EIIIB fibronectin 
isoforms are also present under the pathological condi-
tions of  fibrosis and tumorigenesis[32,34,38]. Studies on ma-
lignant and benign remodeling activity in bone, as well as 
in human gingival tissue, show an increased presence of  
these extra domain containing forms of  fibronectin[39,40]. 
In addition, these variants are also considered to be im-
portant mediators of  the extensive interactions between 
participating cells and their environment during vascular 
morphogenesis[31]. Apparently, the EIIIA and EIIIB do-
mains confer a role for fibronectin molecules containing 
them in processes that involve elaborate tissue modifica-
tion and re-organization.

Interestingly, each fibronectin splice variant appears 
to be expressed in a tissue- and cell-specific manner, trig-
gered by different stimuli at variable times. These distinc-
tions have been demonstrated in studies on bone fracture 
repair that reveal a diffused expression pattern for EIIIA-
containing fibronectin throughout the connective tissue 
that accumulates in the fracture gap during the granulation 

phase of  healing, while the EIIIB-containing isoform re-
mains localized in osteoblastic cells at the periphery of  the 
newly differentiating tissue. Similarly, during the early stag-
es of  hepatic fibrosis, sinusoidal cells are the predominant 
source of  EIIIA enriched fibronectin, which may be in-
volved in the activation of  hepatic stellate cells that subse-
quently produce the EIIIB inclusive fibronectin protein[32]. 
Additional evidence of  such temporally and spatially 
distinct functions for EIIIA and EIIIB fibronectin splice 
variants can also be found in studies on chondrogenesis, 
renal fibrosis and various forms of  lung cancer[41-43]. These 
observations suggest that the expression and function of  
fibronectin molecules with EIIIA and EIIIB segments 
may be regulated by specifically coordinated independent 
mechanisms that facilitate the transformative systems in 
various adult tissues.

More defined roles for the EIIIA and EIIIB domains 
have been identified in such events as matrix assembly, 
cell adhesion, migration and differentiation, as well as in 
cell cycle progression and mitogenic signal transduction, 
which are all relevant for tissue alteration, proliferation 
and development[42-45]. According to these in vitro studies 
both the EIIIA and the EIIIB domains appear to have 
equally essential, though different, roles in the aforemen-
tioned processes. 

However, recent studies using genetically engineered 
mice seem to suggest a more critical function for EIIIA 
than EIIIB in vivo. Strains incapable of  expressing EIIIA-
containing fibronectin proteins have significantly shorter 
lifespans than their control counterparts[46]. Though these 
EIIIA knock-out mice exhibit wound healing defects, 
altered behavior and impaired motor coordination, they 
also develop fewer and smaller atherosclerotic lesions and 
appear to be protected from progressive fibrosis after 
bleomycin-induced lung tissue damage[34,46-48]. However, 
the in vivo function of  the EIIIB domain remains ob-
scure. No distinct phenotype has been observed in EIIIB 
knock-out mouse models aside from the impaired ability 
of  extracted fibroblasts to form a significant pericellular 
matrix[44,49]. Nevertheless, this domain is highly conserved 
among vertebrates, thus it must have some biological 
importance. Perhaps the EIIIB domain plays a compensa-
tory role in the absence of  EIIIA during certain develop-
mental processes, as mice devoid of  EIIIA grow normally 
while the EIIIA and EIIIB double knock-out mice have 
lethal defects[19,46]. The EIIIB domain may have a signifi-
cant function during the body’s response to stress brought 
on by injury and disease, as these are the conditions under 
which the extra domain-inclusive fibronectin isoforms are 
upregulated.

Located in the tenth Type Ⅲ module (Ⅲ-10), on an 
exposed loop in the central region of  the fibronectin 
molecule is a three-amino acid consensus sequence, Arg-
Gly-Asp (RGD), that has been identified as the main site 
of  cellular attachment to fibronectin[8,50]. Adjacent to this 
site, in the ninth Type Ⅲ module (Ⅲ-9) exists a Pro-His-
Ser-Arg-Asn (PHSRN) sequence that acts synergistically 
to enhance the binding affinity of  cells to the Ⅲ-10 RGD 
sequence[51]. These repeats, critical to cell-fibronectin con-
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tact, lie in a region between the two alternatively spliced 
EIIIA and EIIIB domains. Several studies suggest that 
the inclusion or exclusion of  these extra domains may af-
fect the conformation of  the fibronectin molecule in that 
region which, in turn, determines the interactions of  the 
RGD and PHSRN sites with specific receptors on the 
surfaces of  nearby cells[52,53]. These interactions can trigger 
a cascade of  distinct intracellular signals that translate into 
a multitude of  different responses. 

The receptors largely responsible for mediating these 
fibronectin-induced effects belong to a family of  het-
erodimeric transmembrane glycoprotein complexes known 
as integrins[54]. Each integrin is comprised of  two non-
covalently associated α- and β-subunits that link the fibro
nectin-rich extracellular matrix with the cytoskeleton of  
the cell[55]. Structural studies have revealed that residues 
along the fibronectin molecule, external to specific integ-
rin binding sites, play a critical role in optimizing the spec-
ificity and stability of  this receptor-ligand assemblage[56]. 
Moreover, binding affinity is determined not only by the 
external configuration of  the fibronectin ligand, but also 
by internal mechanisms that modulate the condition of  
the receptors themselves. Certain intracellular events can 
affect the association of  the integrin α and β cytoplasmic 
tails, thus also, the activation state and the affinity of  the 
receptor for specific ligands[57]. As such, integrins can 
function both as sensors (inside-out signaling) determin-
ing the presence of  fibronectin, then mediating cell attach-
ment and matrix assembly; and upon ligation with fibro-
nectin, they can function as effectors (outside-in signaling) 
promoting ligand-induced biochemical processes[58].

To date, a dozen members of  the integrin family have 
been shown to interact with fibronectin[50,59]. Not surpris-
ingly, the major cell-binding Ⅲ-10 RGD sequence on the 
fibronectin molecule is a key integrin-recognition motif  
and critical binding site for several of  these cell surface re-
ceptors[8,50]. Of  these integrin heterodimers, the prototype 
fibronectin receptor, α5β1, binds with greatest specific-
ity. It is widely expressed, and likely serves as the major 
mediator of  fibronectin-cell interactions in most tissues. 
Binding of  α5β1 to the RGD motif  is optimized through 
its association with the PHSRN synergy sequence on the 
adjacent Ⅲ-9 repeat[51]. This sequence is also recognized 
by the platelet integrin αⅡbβ3[60].

Other regions of  fibronectin, besides repeats Ⅲ-9 and 
Ⅲ-10, have also been reported to interact with integrins. 
The α5β1 receptor exhibits a low affinity attachment to 
the N-terminal region of  fibronectin, specifically to an 
Asn-Gly-Arg (NGR) sequence in the fifth Type Ⅰ module 
(I-5) that has been converted through deamidation and 
isomerization to an isoAsp-Gly-Arg (isoDGR) sequence[61]. 
Though deamidated proteins typically undergo loss of  
function, this modification on the fibronectin molecule 
may bring about a gain of  function. Studies have shown 
that the isoDGR sequence is also a high affinity binding 
site for the αvβ3 integrin, which is involved in regulat-
ing endothelial adhesion and blood vessel formation[61]. 
Protein deamidation is also linked to aggregate formation 
through a process resembling matrix assembly, thus the 

isoDGR sequence may be involved in fibronectin fibril-
logenesis[62]. Tissue accumulation of  proteins with atypi-
cal aspartyl residues is often observed during injury and 
disease[63,64]. Though unconfirmed, it seems likely that 
the prevalent form of  fibronectin under such conditions 
would also contain a modified I-5 repeat.

Alternative splicing of  the fibronectin primary tran-
script results in the production of  structurally diverse mol-
ecules with very specific configurations and binding capa-
bilities. The arrangement of  alternatively spliced domains 
determines the level of  exposure and accessibility of  bind-
ing sites in involved regions of  the protein[52,53,65]. However, 
the existence of  internal integrin recognition sequences 
suggests that, in addition to structural considerations, these 
domains can also directly influence fibronectin’s effect on 
cell behavior. The alternatively spliced Type Ⅲ connect-
ing segment (IIICS) of  the fibronectin carboxyl-terminal 
region contains two active binding sequences, Leu-Asp-Val 
(LDV, residues1-25) and Arg-Glu-Asp-Val (REDV, resi-
dues 90-109), that interact with the leukocyte integrin re-
ceptors, α4β1 and α4β7[66-68]. The sequence, Glu-Asp-Gly-
Ile-His-Glu-Leu (EDGIHEL) in the EIIIA domain is rec-
ognized by integrins α9β1 and α4β1 during cell adhesion 
and wound healing[69]. Structural analyses have revealed the 
presence of  a conserved Ala-Gly-Glu-Gly-Ile-Pro (AGE-
GIP) sequence on the EIIIB beta strand CC’ loop (links 
beta strands C and C’) that is part of  an acidic groove cre-
ated by the interface of  the EIIIB domain with the adja-
cent eighth type Ⅲ module (Ⅲ-8)[52]. However, the specific 
binding partners for this site are yet to be identified. It is 
apparent that each variation in the splicing pattern of  these 
alternate domains would produce distinct combinations 
of  binding sites that would have a differential influence on 
cell behavior when engaged by the appropriate receptor. 

Proteoglycan receptors, such as the integral mem-
brane syndecan-1,-2 and -4, as well as, glycosyl-phosphati
dylinositol (GPI)-anchored proteoglycans such as glypi
can-1, have been linked to the fibronectin mediated 
processes of  cell adhesion, cytoskeletal organization and 
matrix assembly[70,71]. These proteins can link directly to 
fibronectin through their covalently attached flexible gly-
cosaminoglycan (GAG) chains of  heparan sulfate (HS) 
or chondroitin sulfate (CS). Although proteoglycans are 
capable of  affecting cell behavior directly by independently 
engaging relevant intracellular pathways, most reports sug-
gest that these receptors are more likely to be involved in 
complementary functions that support the activities of  
other fibronectin receptors, specifically integrins, that are 
considered to have a more significant role in certain cel-
lular events[72,73]. The spatial arrangement of  the respective 
binding sites for each receptor along the fibronectin mol-
ecule facilitates their cooperative regulation of  the adhesive 
functions of  the cell that influence movement and mor-
phology, as well as, pericellular fibronectin fibril assem-
bly[72-75]. Alternatively, the proximity of  these binding sites 
could also allow for direct regulatory interactions between 
the different receptors themselves. Additional receptor col-
laboration may involve the strategic recruitment of  distant 
fibronectin molecules, detected by the extended ectodo-
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mains of  the proteoglycan receptors, for closer positioning 
to the cell surface where more efficient integrin binding 
can occur. Cooperative mechanisms may also include the 
transduction of  signals by activated proteoglycans to effect 
an appropriate distribution of  integrins and influence their 
consequent function. A synergistic convergence of  such 
signals could occur, which would reinforce a particular 
effect, as illustrated by the fibronectin-induced activation 
of  both α5β1 and syndecan-4 to promote cell adhesion 
and matrix contraction in the unstable environment of  a 
wound during tissue repair[73]. Evidently, the functional reg-
ulation of  fibronectin-mediated cellular processes entails 
some degree of  coordinated activity between participating 
proteoglycan and integrin receptors, however, the actual 
mechanisms behind these interactions remain obscure. 

Considering the number of  receptors from the inte-
grin family itself, that are reported to interact with fibro-
nectin and the diversity of  such interactions, it is expected 
that cross-regulation between activated integrins must 
also occur to ensure appropriate receptor cooperation 
or antagonism. Examination of  the complex sequence 
of  events that lead to the directional migration of  a cell 
along a fibronectin fibrillar matrix, has revealed a pattern 
of  spatially and temporally-regulated binding and alter-
nate signaling by the α5β1 and αvβ3 integrin receptors, 
both of  which recognize the same fibronectin domain[76]. 
Though not considered to be a fibronectin-specific re-
ceptor under normal conditions due to its indiscriminate 
adhesion to a variety of  ECM molecules, the neutrophil 
receptor, αMβ2, during the cellular response to inflamma-
tion, binds with greater than normal avidity to fibronectin 
to effectively hinder directed migration[77]. Coordinated 
communication between α5β1 that facilitates chemotaxis, 
and αMβ2 must take place to ensure the effective trans-
location of  the neutrophil to the site of  injury where its 
presence is secured by additional interactions between 
αMβ2 and the fibronectin-enriched matrix so that it may 
effect the appropriate defensive response. The adhesive 
properties of  the cell are further enhanced by the collab-
orative signaling of  α5β1 and α4β1, each of  which binds 
to different sites along the fibronectin molecule and inter-
acts differentially with the provisional matrix that forms 
with granulation tissue during wound healing and repair[73]. 
Clearly, effective regulation of  these fibronectin-integrin 
mediated physiological processes involves some coordi-
nated crosstalk between the respective signaling pathways.

Each event induced by a particular set or sequence of  
interactions with fibronectin is not only dependent upon 
cooperative receptor activity but also upon synchronous 
availability and accessibility of  respective ligand binding 
sites. When fibronectin is first secreted into the interstitial 
space of  tissues, it exists as a soluble dimer whose com-
pact form, stabilized by intramolecular forces, conceals 
many of  these ligand binding sites and regions of  signifi-
cant adhesive character[78]. Though this closed conforma-
tion under physiological conditions is programmed by 
fibronectin’s inherent structure, environmental factors 
can effect changes to its shape that expose these other-
wise embedded sites, to potential binding partners[79]. It 

is thought that upon ligation to integrins and other cell 
surface receptors, particularly α5β1, which recognizes 
the already accessible RGD loop, a cooperative unfold-
ing and elongation of  the respective arms of  the dimer 
is initiated which then expose these sites to binding by 
key receptors involved in fibronectin fibrillogenesis[80]. 
Gradual extension of  this originally tightly-folded mol-
ecule is largely attributed to cell-traction forces that are 
induced by cytoskeleton-dependent events and transmit-
ted through adherent receptors[81,82]. The globular struc-
ture of  individual Type Ⅲ modules is disrupted, revealing 
intradomain binding sites that readily interact with their 
counterparts on other dissociated fibronectin molecules 
to launch progressive self-association that can lead to 
fibrillar matrix assembly[83,84]. These uncharacterized hid-
den or cryptic sites, as they are termed, are only activated 
when exposed by conformational changes that counter 
the native configuration of  fibronectin. This suggests 
that these sites are involved in functional interactions, 
other than self  recognition, particular to modifications 
in the extracellular environment that challenge normal 
physiological conditions. 

As previously mentioned, the native fibronectin mol-
ecule is vulnerable to proteolysis, particularly along the 
unfolded polypeptide links between the compact domains. 
Cell-derived tensile forces increase the incidence of  un-
folding, thus create more unprotected regions that can 
be acted upon by endogenous proteases. Fibronectin is 
a known substrate of  numerous different proteases, par-
ticularly the aggrecanases such as ADAM (A Disintegrin 
And Metalloproteinase)-8 and ADAM-TS (with Throm-
bospondin Motifs)-4, as well as matrix metalloproteases 
(MMPs) such as the gelatinases, MMP-2 and -9, the metal-
loelastase, MMP-12 and the membrane-type (MT)1-MMP. 
Interestingly, studies reveal that fibronectin itself  induces 
the release and activity of  several of  these proteases, likely 
as a homeostatic response during ECM maintenance, that 
is regulated in part by its association with integrins and 
membrane-anchored MMPs[85,86]. Ongoing studies have re-
vealed the presence of  numerous specific cleavage sites or 
neoepitopes along the molecule that suggests the proteo-
lytic degradation of  fibronectin is not an arbitrary process 
and may have some functional value[87]. Random mechani-
cal fragmentation, however, does also occur, especially 
among the less resilient Type Ⅰ and Type Ⅱ domains that 
have more restricted conformations. 

The fibronectin fragments that result from these 
proteolytic events would have distinct folding patterns 
from their intact forms on the native molecule, therefore 
variably exposed binding sites. These peptides are, conse-
quently, able to interface with dissimilar binding partners 
than the intact molecule thus they may act quite differently. 
In fact, certain fibronectin fragments have been associated 
with bioactivities that are quite disparate from those of  the 
parent molecule and likely serve a regulatory role[73]. Many 
studies report a similar competence between fragments 
and native fibronectin to modulate protease activity, while 
other reports reveal that such proteolytic potential exists 
in the fibronectin fragments themselves[88,89]. These fibro-
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nectin-derived proteases or fibronectinases are capable of  
autodigestion but otherwise remain cryptic in nature, as no 
associated physiological role nor other mechanism has yet 
been identified. Other fragments can exhibit chemotactic 
activity, promote apoptosis, regulate anabolic and catabolic 
processes or induce the release of  nitric oxide and cyto-
kines[90-92]. Analyses of  these fibronectin fragments and 
their specific functions can reveal distinct interactions that 
may provide further insight into the physiological role of  
the native protein itself. Studies of  endogenous fragments 
that contain the EIIIA domain, for example, have revealed 
a unique interaction with Toll-like receptor (TLR)-4 that 
stimulates the release of  proinflammatory cytokines[92]. 
These data suggest that fibronectin isoforms containing 
this alternatively-spliced domain may have a role in the 
physiological response to inflammation in injured tissue. 

Fibronectin also adheres to a variety of  different sig-
naling molecules and regulates their distribution and access 
to other binding partners and cells[93,94]. Tumor necrosis 
factor (TNF)-α, upon release from activated cells at the 
site of  inflammation, can complex with the amino termi-
nal domains of  fibronectin in the surrounding matrix[93]. 
This interaction confines this proinflammatory cytokine 
near to its source thus ensuring its availability to further 
stimulate cells in the region to release proteases as part of  
the defense response[95]. Fibronectin may also be involved 
in presenting a growth factor to its cognate receptor in a 
manner that will enhance a desired physiological effect. 
This is demonstrated when hepatocyte growth factor 
(HGF) or vascular endothelial growth factor (VEGF) at-
taches to fibronectin with a specific juxtapositioning that 
promotes the coordinated interaction and costimulation of  
the respective growth factor receptor and the fibronectin-
binding α5β1 integrin, to amplify the proliferation and 
migration of  endothelial cells[94]. Though fibronectin does 
not interact directly with transforming growth factor 
(TGF)-β, but with the latent TGF-β binding proteins (LT-
BPs) to which the TGF-β-confined small latent complex 
(SLC) is covalently bound, it is able to sequester TGF-β, 
and regulate its activation by proteases and matrix remod-
eling forces[96,97]. 

The detection of  additional binding partners is ongo-
ing, as is the recognition, with each associated function, 
that fibronectin is more than a mere component of  biolog-
ical scaffolds and conduits of  cellular activity. It is a reposi-
tory for both intrinsic ligands that can be proteolytically 
transformed into soluble signaling peptides, and extrinsic 
ligands that can be regulated through complex formation. 
Moreover, its pliable constitution hints at mechanotrans-
ducing capabilities. This glycoprotein has the potential to 
affect cell behavior in a myriad of  different ways.

SIGNALING PROCESSES
The mechanisms by which fibronectin may affect signal-
ing events, as indicated by the diversity in its interactions, 
are expected to be quite involved (Figure 2). The initiat-
ing influence on cell behavior may be conceived when 
the soluble fibronectin molecule is ligated by a cognate 

receptor, likely an integrin heterodimer, and activates 
the first recognition-dependent sequence of  molecular 
signals within the cell. Cytoskeletal restructuring and the 
consequent stimulation of  certain intracellular complexes 
promote cell contractility which causes conformational 
changes in the attached molecule[80]. Intramolecular disso-
ciation ensues and the compact dimer unfolds to expose 
additional binding sites and recognition sequences, which 
upon engagement, can trigger simultaneous cascades of  
signals that further influence cell behavior. Fibronectin 
self-association between attached and extended molecules, 
modulated again by cellular events such as receptor clus-
tering, takes place to form an adhesive template upon 
which additional fibronectin molecules can also unfold. 
The progressive layering and interweaving of  these elongat-
ed and stretched out fibronectin fibrils eventually results 
in the formation of  a connective web between neighboring 
cells. Other matricellular components, recognizable to 
fibronectin can also be incorporated into this structure. 
The diversity and distribution of  these elements can affect 
the character and signaling propensity of  this fibronectin 
matrix that may now behave as a cohesive unit or solid-
phase ligand. Nevertheless, individual interactions can 
impose changes to matrix ligand architecture that may 
create a flow of  signals through interconnected molecules. 
Mechanical stress brought about by such extracellular per-
turbations can also alter the connectivity between ligand 
and receptor, and change the composition of  signals be-
ing relayed[98]. Mechanotransduction is further regulated 
by the composition and density of  this matrix ligand. A 
dense and correspondingly rigid matrix creates more ex-
ogenous tension which can affect such cellular activity as 
spreading and directed motility[99]. Protease release is also 
up-regulated in response to matrix rigidity. The resulting 
cleavage of  fibronectin fibrils produces fragments with 
signaling properties that differ from the intact molecule. 
New interactions are formed that stimulate a different ar-
ray of  signal transduction pathways to evoke a differential 
cellular response. Other molecules, whose association 
with fibronectin have been compromised by proteolytic 
remodeling, are now also accessible to responsive cells[100]. 
All of  these mechanisms by which fibronectin may influ-
ence cell behavior comprise a dynamic system that has 
complex spatially and temporally regulated components. 
Signaling pathways, though individually engaged, are part 
of  a collective communication network between fibronec-
tin and the cell.

Most of  these pathways are thought to be driven by in-
tegrin-mediated signaling processes. Focal adhesion, stress 
fiber formation, and cell translocation are determined by 
integrin recruitment of  focal adhesion kinases (FAK) with 
subsequent activation of  the phosphatidylinositol 3-kinase 
(PI3K) signal transduction pathways[101,102]. However, recent 
studies have also implicated other receptors and associated 
pathways in the regulation of  these events. It has been 
shown that cell adhesion and migration, as well as cyto-
skeleton reorganization are also determined by syndecan-2 
and -4 mediate mechanisms that involve protein kinase C 
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(PKC)-dependent activation of  the small GTPase mol-
ecules, Rac, Cdc42 and Rho[71,72,103]. Fibronectin-induced 

cell survival and proliferation are also regulated via the in-
tegrin-mediated FAK/PI3K pathway[104]. Other coordinat-
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Figure 2  Model for signaling processes mediated by fibronectin. A: Initial signals are mediated when soluble compact cellular fibronectin (cFn) binds a cognate re-
ceptor; B: This causes cFn to unfold and interact with other receptors inducing further signals; C: Receptor clustering and the formation of signaling complexes lead to the 
reorganization of the actin cytoskeleton which creates tensile forces, conveyed through the integrin receptors to further stretch cFn into fibrillar form. Exposed cryptic sites 
interact with other cFn fibrils in matrix assembly. Access to growth factors and other molecules is regulated by cFn binding. Heparan sulfate proteoglycans also bind to cFn 
and recruit distant molecules closer to the cell surface; D: All of these interactions create a cascade of different signals, some of which promote matrix protease release. 
Resulting cFn fragments activate additional intracellular signaling pathways. Thus, cFn can regulate cell behavior via numerous different mechanisms.
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ed signals originating from a different set of  fibronectin 
receptors may exist but have yet to be identified. Studies 
suggest that cytokine release and protease production that 
result from nuclear factor (NF)-κB activation or mitogen-
activated protein kinases (MAPKs) signaling may also be 
mediated by toll-like receptors (TLRs) and MT-MMPs in 
addition to integrins, however, this needs to be further 
clarified[92,105]. Continued examination of  the numerous 
interactions between fibronectin and cells, may reveal the 
identity of  additional pathways and signaling mechanisms 
which would further our understanding of  this multifac-
eted protein in its regulation of  various cellular processes.

Clearly, the involvement of  multiple ligand-receptor 
systems in fibronectin signaling requires intricate regula-
tion and the appropriate integration of  respective path-
ways to ensure optimal cellular activity. This elaborate net-
work calls attention to the important role this glycoprotein 
plays in numerous biological processes. Disruption of  
these coordinated events could certainly have severe and 
deleterious consequences. 

ROLE IN DISEASE
The aforementioned interactions and associated functions 
can generally be ascribed to both classes of  fibronectin 
except where the alternatively spliced EIIIA and EIIIB 
domains are involved, as only the cellular forms of  fibro-
nectin contain these extra structures. Both pFn and cFn 
are secreted by cells as soluble globular proteins. Hepa-
tocytes are the primary source of  pFn, which is readily 
secreted into the bloodstream for distribution throughout 
the body. Cellular fibronectin, however, is produced lo-
cally in tissues, predominantly by resident fibroblasts 
and endothelial cells, to be deposited in the pericellular 
matrix. Nevertheless, it can also be taken up into the cir-
culation. Conventionally, cFn is thought to be the main 
form of  fibronectin found in the extracellular matrix of  
tissues, however, recent studies have determined that an 
almost equivalent fraction of  matrix fibronectin is plasma-
derived[106]. It appears that under normal physiological 
conditions, there is a balance of  both types of  fibronectin 
in intact tissues. It is not surprising then, to discover that 
unusually elevated levels of  cFn are indicative of  some 
underlying disturbance in the tissue of  origin, which could 
very well have some pathological consequence.

Cellular fibronectin plays a critical role in tissue-specific 
morphogenesis and cellular differentiation during embry-
onic development[19]. These events recur in adult tissues 
during conditions that require regeneration or repair. 
Therefore, the accumulation of  cFn at sites of  injury and 
tissue perturbation where morphogenetic processes are 
again active is normal. Studies show that cFn regulates cell 
migration in damaged tissue, where it also stimulates fibro-
blast transitioning to its activated phenotype[73,107]. Other 
reports highlight the chemotactic activity of  cFn and its 
regulation of  growth factors during active wound repair[108]. 
Particularly convincing are data from knockout animal 
studies that reveal defective wound healing in cFn-deficient 
mice[46]. Clearly, this isoform is essential to the processes 

of  tissue repair. Therefore, conditions involving any form 
of  tissue damage would be marked by an increase in cFn 
production and release, particularly by cells near the site of  
injury. Under normal regulation, these events would culmi-
nate in the restoration of  tissue function and integrity and 
a reduction in cFn to physiological levels.

However, under certain circumstances cFn levels re-
main elevated. Fibronectin-mediated cellular activity per-
sists and may even be amplified. Otherwise uninvolved 
or down-regulated signaling mechanisms, eventually, 
become activated. Accordingly, cellular behavior adjusts 
and the maintenance of  normal physiological processes 
changes to the promotion of  pathological ones. 

A prominent feature of  many disorders associated 
with elevated levels of  cFn is the persistent production 
and deposition of  extracellular matrix proteins in affected 
tissue. This build-up of  scar tissue may have started inno-
cently, as a regulated wound healing response to chronic 
injury. However, it eventually becomes a fibroproliferative 
process that progressively destroys tissue integrity. Such fi-
brotic damage has been observed in many organ systems, 
particularly hepatic, pulmonary and renal systems[109-111]. 
Though it has been suggested that fibrosis may be revers-
ible, most conditions do not improve but gradually prog-
ress to organ failure.

The pathological implications of  cFn accumulation 
are considerably complex and widespread, reflecting the 
multifunctional capacity of  this protein to influence cell 
behavior. The effects of  cFn manifest in a tissue specific 
manner that may be exacerbated by other underlying 
factors unique to each disorder. For example, the cFn-
induced fibrotic response may be complicated by factors 
involving the source of  chronic injury. These parallel yet 
interdependent effects need to be recognized in order to 
achieve a deeper understanding of  the molecular basis 
for these conditions and the specific role that cFn may 
play in their progression. 

ROLE IN LIVER DISEASE
In the normal liver, the most abundant matrix protein 
is plasma fibronectin. This is not surprising, consider-
ing it is originally synthesized by hepatocytes. It can be 
detected in the subendothelial space of  Disse where it 
comprises a major part of  the low-density matrix that 
connects hepatocytes with the endothelial cells that line 
the sinusoids[112]. Cellular fibronectin, however, is present 
at very low levels throughout the liver. It is localized pri-
marily in the pericellular matrix that surrounds the cells 
but also exists as bundles connected to the microvilli of  
hepatocytes in the space of  Disse[113].

Naturally, most studies on fibronectin that reference 
the liver focus on the plasma isoform and of  these, only a 
small percentage deal with disease. Most of  those reports 
deal with the effects of  hepatic insufficiency on pFn pro-
duction and physiological function. Very few address a po-
tential role for fibronectin itself  in the incidence of  liver 
damage that creates conditions of  insufficiency. Such liver 
damage may result from a range of  potential pathogenic 
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mechanisms accounted for by autoimmune diseases (au-
toimmune hepatitis), genetic disorders (Alagille syndrome, 
alpha-1 antitrypsin deficiency, hemachromatosis, Wilson’s 
disease), viral infection (hepatitis A, hepatitis B, hepatitis C), 
disorders of  uncertain etiology (cancer, primary scleros-
ing cholangitis, non-alcoholic fatty liver disease) and those 
attributed to systemic disease (Reye’s syndrome, Budd-
Chiari syndrome) and toxic insult (alcoholic liver disease). 

Many of  these conditions have acute and chronic pre-
sentation. Under conditions of  acute liver damage, wound 
healing would not be a prolonged process. It would entail 
a quick remodeling of  the ECM to create a cFn-rich provi-
sional matrix, which would be involved in modulating repair 
activity to restore liver integrity. The onset of  this response 
would be marked by a sudden surge in fibronectin produc-
tion, which would just as suddenly diminish once the repair 
is complete. However, under conditions of  chronic liver 
damage, wound healing would no longer be a finite process. 
The initial surge in cFn production may likely persist.

Accordingly, studies concerning such conditions of  
sustained and chronic liver damage report a considerable 
increase in patient blood plasma levels of  cFn[114]. Immu-
nohistochemical and RT-PCR analyses also reveal elevated 
amounts of  cFn and its mRNA in the tissue of  diseased 
livers[115,116]. These findings confirm that cFn production 
does persist as a likely response to mechanisms perpetuat-
ing liver injury under such conditions of  chronic disease. 
The only role cFn has been considered to have in the 
course of  these events is as an indicator of  the onset of  
progressive damage. As such, it has potential utility as a 
biomarker for chronic liver disease.

Currently, a liver biopsy is the only means by which 
clinicians can accurately determine the extent of  liver dam-
age in patients suffering from chronic disease. However, it 
is an invasive, painful and inherently risky procedure that 
does not always provide information that would lead to 
significant alterations in treatment, especially if  severe liver 
damage was already a concern[117]. Therefore, the develop-
ment of  additional biomarker tests that could reduce the 
prevalence of  unnecessary biopsies is of  great interest. 
Much consideration has been given towards developing 
a means to incorporate cFn as a marker in this system. 
However, elevated levels of  cFn are not specific to hepatic 
injury, as similar concentrations have also been detected in 
the plasma of  patients with no known hepatic pathologies, 
but who suffer from some other tissue-related chronic 
disease[114]. This lack of  specificity diminishes the utility of  
cFn as a diagnostic indicator of  liver disease. Nevertheless, 
increasing cFn levels remain a reliable indicator of  sus-
tained tissue damage. Perhaps tests for cFn could be incor-
porated in a panel that includes tests for the more specific 
markers of  hepatic damage, alanine aminotransferase (ALT) 
and gamma glutamyl transpeptidase (GGT), thus provid-
ing a means to determine whether a detected increase in 
cFn levels is, in fact, related to liver disease[118]. A ratio of  
ALT or GGT levels to cFn could also be instructive. 

These efforts to determine a clinical application for 
cFn have led to further investigations of  the pathophysi-

ological events in chronic liver disease that result in its up-
regulated levels. It was previously believed that such up-
regulation was a response to injury and had no relevance 
to the progression of  disease itself. However, recent stud-
ies suggest that cFn may participate in, and may even pro-
mote, the progression of  injury that marks these chronic 
conditions. 

Chronic injury of  the liver may initially manifest as 
altered lipid metabolism that leads to the accumulation of  
fat deposits in hepatic cells. There is no evidence to date 
to suggest any cFn involvement in this process. However, 
as the injury persists, an inflammatory response is induced 
that could involve cFn-regulated wound healing activ-
ity. Studies that currently report a regulatory role for cFn 
during inflammation in the liver address acute rather than 
chronic injury conditions. Although studies from other 
systems suggest that cFn does affect the behavior of  im-
mune and inflammatory cells, thus may also be a potent 
mediator of  the inflammatory response to chronic injury, 
further investigation is still required to confirm such a role 
for cFn in chronic liver disease[119,120]. 

In response to injury, hepatic sinusoidal endothelial 
cells (SECs) become activated and increase their produc-
tion of  cFn[32]. It has been suggested that this event oc-
curs in the very early stages of  damage, and could, in fact, 
be among the initial reactions to the detection of  harmful 
stimuli. For example, the hepatitis B virus x antigen (Hbx-
Ag) has been shown to activate fibronectin gene expres-
sion in liver cells via an NF-κB-dependent mechanism[121]. 
The direct detection of  HbxAg by SECs could, therefore, 
be an initiating event in the progression of  hepatitis B-in-
duced liver injury. The resulting upsurge in cFn produc-
tion dramatically increases the total concentration of  cFn 
in the liver to a level that is several-fold above normal[32]. 

Of  particular interest, Jarnagin et al[32] showed that 
greater than 80% of  the cFn produced by SECs during 
injury, 12-24 h after stimulation, contain the alternatively 
spliced EIIIA domain. As mentioned earlier in this text, 
the fibronectin EIIIIA domain has been implicated in 
cell adhesion and pro-inflammatory cytokine production 
through its interaction with cell surface receptors, α9β1 
and α4β1 integrins, and TLR-4[69,92]. Moreover, studies 
have also shown that cFn activates α5β1 signaling via the 
RGD motif  in its major cell binding domain to upregulate 
the production of  MMPs. These MMPs are involved in 
ECM remodeling events that can also produce cFn frag-
ments, which can further stimulate cell behavior. Thus, it 
would not be too bold to suggest that cFn may be involved 
in regulating many of  the cellular responses to injury in the 
liver. 

In fact, activation of  hepatic stellate cells (HSCs) dur-
ing injury is mediated by cFn[32]. Studies reveal that HSCs 
will transition to their myofibroblastic phenotype via a 
TGF-β1 regulated mechanism induced by EIIIA cFn[122]. 
Further studies show that TGF-β1 up-regulates the expres-
sion of  the fibronectin receptor, α5β1 in HSCs, making 
them more responsive to cFn thus reinforcing its effect[123]. 

Once activated, HSCs are involved in mediating most 
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of  the ECM remodeling activity that leads to fibrotic dam-
age in the liver. These cells are also the major source of  
matrix protein constituents in connective scar tissue that 
manifests during disease progression. HSCs also produce 
cFn in continually increasing amounts, but of  a differ-
ent composition than the cFn secreted by SECs. The cFn 
secreted by HSCs is also predominantly of  the EIIIIA va-
riety, constituting 42% of  the total, 7 d post-activation[32]. 
However, there is also a significant increase in the relative 
amount of  cFn produced that contains the EIIIB domain 
(9% of  the total after 7 d). The physiological significance 
of  this increase in EIIIB variant levels and the regulatory 
relevance of  timing its production during the advanced 
stages of  chronic hepatic injury, are yet to be determined. 

Each form of  chronic liver disease may present with 
variable distinction between the stages of  injury; how-
ever, should the incidence of  damage continue along 
this general trajectory, fibrotic scarring will totally com-
promise organ function. Without a transplant, death is 
certain. It has become apparent that cFn has a functional 
role in this progression of  liver injury, thus may warrant 
greater attention for its pathogenic nature than for any 
biomarker potential. 

ALCOHOLIC LIVER DISEASE
As the body’s major detoxifying organ, the liver is the 
primary site of  alcohol metabolism, and is particularly 
susceptible to the detrimental effects of  alcohol abuse. 
Though the association between liver injury and the 
excessive consumption of  alcohol was established over 
200 years ago, we are still unable to fully understand how 
such damage occurs, nor have we developed any thor-
oughly effective strategies to counter the progression of  
alcoholic liver disease (ALD). 

ALD initially manifests as fatty liver (steatosis), a re-
versible condition characterized by increased fat deposi-
tion in the liver cells, which leads to hepatomegaly (enlarged 
liver) and can progress to alcoholic hepatitis, a more seri-
ous condition marked by inflammatory changes. Persistent 
damage prompts the development of  scar tissue (fibrosis), 
which will eventually replace the functional tissue of  the 
liver resulting in alcoholic cirrhosis, hepatic failure and 
death.

Evidence suggests that alcohol itself  and its metabo-
lites are direct hepatoxins that stimulate changes in the 
cells of  the liver which result in a cascade of  responses 
culminating in tissue damage[124-129]. The toxicity of  alco-
hol is linked to its oxidation which is catalyzed mainly by 
the multi-variant cytosolic enzyme, alcohol dehydroge-
nase (ADH), to produce acetaldehyde, which is further 
processed in mitochondria to form acetate, most of  which 
escapes to the blood[126,130]. Acetaldehyde binds reactive 
amino acid residues in proteins to form acetaldehyde-
protein adducts which can impair secretion and enzymat-
ic activity[128]. As the level of  alcohol increases with ongo-
ing consumption, microsomal enzymes, predominantly 
cytochrome p450 isozymes, as well as peroxisomal cata-

lase (minor pathway), become involved in metabolizing 
alcohol with the additional creation of  reactive oxygen 
species (ROS) and hydroxyl radicals that provoke lipid 
peroxidation events and the release of  further harmful 
metabolites[131,132]. 

The conversion of  alcohol involves the reduction of  a 
co-enzyme intermediate, nicotinamide adenine dinucleo-
tide (NAD+) to generate NADH which increases the 
NADH/NAD+ ratio and redox state within cells. A highly 
reduced intracellular environment sustained by persistent 
metabolism of  alcohol will greatly impair the cell’s ability 
to function normally. Under these conditions, hepatic cells 
are rendered more vulnerable to damage from the reactive 
metabolites of  alcohol whose concentrations are corre-
spondingly increased[124,127-129]. 

Typically, these cells would respond to the increasing 
levels of  such harmful byproducts by releasing factors that 
stimulate mechanisms of  tissue defense and repair. How-
ever, such mechanisms are impaired in liver tissue that has 
been subject to prolonged insult by alcohol. Rather than 
countering the progression of  injury, the cellular response 
reinforces it.

For example, SECs respond to increasing levels of  
harmful adduct modified proteins formed during alcohol 
metabolism by up-regulating their output of  the EIIIA 
variant of  cFn that is involved in tissue repair[132]. Under a 
condition of  chronic alcohol metabolism, this process will 
persist, resulting in an elevation in the levels of  cFn in the 
liver. Restoration of  homeostatic levels of  this glycopro-
tein will usually occur towards the end of  a wound heal-
ing response to injury. In the liver, this turnover of  cFn is 
mediated, in part, by the hepatocyte specific ASGP-R[17]. 
However, studies have shown that the cellular processes 
of  this receptor, particularly those that involve protein 
trafficking, are particularly susceptible to the effects of  al-
cohol[133-135]. Several alcohol-induced alterations in ASGP-R 
activity have been identified that contribute to impaired 
receptor-mediated uptake of  its ligands[136,137], which could 
include cFn. This coupling of  persistent production with 
ineffectual clearance would lead to a build-up of  cFn in 
the alcohol-injured liver. This has been demonstrated in 
studies using a rat model of  alcohol consumption. Signifi-
cantly elevated levels of  cFn were detected in the livers 
of  animals subject to prolonged alcohol administration 
which correlated with the inability of  the hepatocytes 
from these animals to adequately internalize and degrade 
cFn[138,139]. Though these observations have not yet been 
corroborated in human liver tissue, a blood plasma study 
found elevated levels of  cFn in patients suffering from al-
coholic cirrhosis which suggests that the hepatic levels of  
cFn were also high[114].

The functional character of  cFn suggests that its accu-
mulation would exacerbate the deleterious effects of  sus-
tained alcohol abuse on the liver. A clearer understanding 
of  how this reactive glycoprotein influences the cellular 
events that promote injury may reveal new targets for the 
development of  effective treatments for ALD. 

To this purpose our lab employed a rat model that is 
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extensively used in alcohol research. Male Wistar rats were 
pair-fed a nutritionally adequate Lieber-DeCarli liquid diet 
that contained 6.4% alcohol by volume as 36% of  total 
calories or an isocaloric control diet. Animals maintained 
on this diet exhibit morning (i.e. 9 am CST) blood alcohol 
levels of  100 to 150 mg/dL (21.7 to 32.6 mmol/L)[140]. 
These concentrations correspond to levels found among 
chronic drinkers in the human population. After twelve 
weeks of  feeding, 60% more cFn was detected in livers of  
the alcohol-fed animals than from pair-fed controls. Fur-
thermore, we found that the hepatocytes from these alco-
hol-fed animals exhibited a diminished capacity to degrade 
cFn that correlates with its accumulation. As the purpose 
of  this study was to ascertain whether cFn contributes to 
the development of  advanced liver injury, animals were 
fed for a shorter duration of  4-6 wk, sufficient for the de-
velopment of  the early stages of  alcoholic liver injury but 
not prolonged enough for substantial cFn accumulation 
to have already taken place[138,139]. Moreover, the Lieber-
DeCarli rodent model rarely ever sustains injury beyond 
fatty liver, thus it is an appropriate system to investigate 
whether cFn could provoke further inflammation and/or a 
fibrotic response when added exogenously to cultured cells 
isolated from the livers of  alcohol-fed animals.

The pro-fibrogenic propensity of  cFn has largely 
been attributed to its observed effects on HSC activation 
and proliferation[32]. Moreover, studies have shown that 
fibronectin fibrils have a particular affinity for collagen 
Type I molecules that are synthesized by activated HSCs 
and are major constituents of  the connective tissue that 
forms during fibrosis. Formation of  the matrix during 
the fibrotic response to injury requires a stable ECM 
layer of  cFn[141]. These reports imply that the build-up of  
cFn in the liver of  chronic consumers of  alcohol would 
be sufficient to initiate fibrotic damage. 

However, cFn has also been implicated in the recruit-
ment and activation of  other cell types besides HSCs 
during the wound healing response. These cells may be in-
volved in the pro-inflammatory activity that precedes HSC 
activation and may even prime the conditions in the liver 
for an HSC response. Kupffer cells (KCs), as the resident 
macrophages of  the liver, are the primary mediators of  
such inflammatory activity in response to alcohol-induced 
injury that occurs during the early onset of  damage. An-
chored at strategic intervals throughout the hepatic sinu-
soid, these macrophages sentinel portal flow entering the 
liver lobule for incongruous and harmful substances. Ac-
cordingly, they can detect early changes in the hepatic en-
vironment arising from alcohol-induced injury such as the 
increasing levels of  cFn. In healthy tissue, Kupffer cells 
orchestrate defensive and reparative processes through 
their phagocytic activity and production of  soluble signal-
ing molecules. However, under a condition of  chronic 
alcohol administration, excess cFn provokes a response in 
Kupffer cells that actually promotes rather than protects 
against further tissue damage[142].

Kupffer cells are the major source of  TNF-α and IL-6 
during the liver’s homeostatic response to tissue damage. 

Elevated levels of  these pro-inflammatory cytokines are 
characteristically detected in the serum of  patients with 
alcohol-induced liver injury. These cytokines stimulate 
autocrine and paracrine effects that result in the activa-
tion of  other liver cell types during the injury process[143]. 
For example, both TNF-α and IL-6 are involved in the 
transition of  HSCs to their myofibroblast-like phenotype. 
These cells in turn, accelerate the production of  ECM 
proteins that heralds the fibrogenic response to injury[143]. 

Regions of  the liver that first respond to the toxic ef-
fects of  alcohol contain both cFn-enriched matrices and 
elevated numbers of  KCs[144]. The behavior of  KCs in 
these regions is likely influenced by the high concentra-
tion of  cFn present. In fact, studies from our lab have 
shown that cFn has a profound effect on the KC secre-
tion of  TNF-α and IL-6, and therefore may be involved 
in promoting the KC-mediated activation of  HSCs[142]. 

ECM remodeling poses a homeostatic challenge to cells 
that prompts the production of  agents that can restore 
and maintain normal tissue architecture. MMPs and their 
inhibitors (TIMPs) are key agents that regulate this process. 
An imbalance in the relation of  MMPs to TIMPs can lead 
to profound changes in the composition of  the ECM such 
as is found in various pathological conditions including 
alcoholic fibrosis[113,145]. We believe that increasing levels of  
cFn, itself  a constituent of  the ECM, can prompt events 
leading to such imbalance in susceptible tissue.

Though HSCs are the most prolific source of  fac-
tors that regulate the deposition of  matrix components 
in the liver, during the early stages of  fibrotic injury and 
prior to HSC activation KCs assume this role. Our studies 
have revealed that in response to increasing levels of  cFn, 
cultured KCs from both control and alcohol-fed animals 
secrete significantly higher amounts of  MMP-2 protein 
than their untreated counterparts. This increase in prote-
ase levels may be a regulatory response to excess cFn, a 
known substrate of  MMP-2. However, we also found that 
the cells from alcohol-fed animals released significantly 
more of  the associated inhibitor, TIMP-2, than matched 
control and untreated cells. Correspondingly, though the 
total MMP-2 secreted by the KCs from alcohol-fed ani-
mals was elevated, most of  the enzyme detected was still 
in the less operational precursor form (pro-MMP-2)[142]. 
These results suggest that a higher degree of  MMP-2 
inhibition exists under a condition of  alcohol administra-
tion. The consequent reduced degradative capacity of  this 
protease could, in turn, contribute to the eventual build-
up of  ECM proteins characteristic of  fibrotic injury. 

These findings also imply that chronic alcohol con-
sumption alters the homeostatic response of  KCs to the 
build-up of  proteins in the ECM. This may be another 
regulatory mechanism compromised by excessive alcohol 
metabolism that may contribute to the accumulation of  
cFn in the liver. The inhibition of  matrix proteases is rein-
forced with each increase in cFn, creating a cycle that may 
later also facilitate the deposition of  other matrix proteins 
involved in the fibrogenic process. Collectively, these stud-
ies suggest a role for cFn in Kupffer cell activation that 
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contributes to the progression of  alcohol-induced liver 
injury that may lead to fibrogenesis (Figure 3).

Hepatocytes are the chief  functioning cells of  the liver 
and key targets for mediators of  injury. Accordingly, stud-
ies on the effects of  various hepatoxins focus on disrup-
tions to hepatocytic processes, such as alcohol-induced im-
pairments to ASGP-RME as previously determined by our 
lab. As an extension of  this work, we examined whether 
the consequent accumulated cFn would itself  also be toxic 
to hepatocytes[138]. We found that elevated concentrations 
of  cFn induced a significant increase in caspase-3 activity, 
a marker of  apoptosis (programmed cell-death), in hepato-
cytes from alcohol-fed animals after a 20-h incubation. 

It was also observed, in these same cells, a corre-
sponding increase in the secretion of  TNF-α and IL-6. 
This treatment with elevated, pathology-associated, con-
centrations of  soluble cFn also stimulated cultured he-
patocytes from both control and ethanol-fed animals to 
secrete significantly higher amounts of  MMP-2. As pre-

viously mentioned, the activity of  MMPs is dependent 
upon their balanced relationship with corresponding 
TIMPs. We also found that in the presence of  elevated 
levels of  cFn, cultured HCs from ethanol-fed animals 
secreted more TIMP-2 protein than their control and 
untreated counterparts. These cells, much like the KCs 
from ethanol fed animals, also release TIMP-2 in excess 
of  MMP-2. Again, this disparity in the relative levels of  
these proteins would lead to an inhibition of  MMP-2 ac-
tivity which contributes to a reduction in matrix protein 
degradation and the subsequent build-up of  the ECM. 

The response by the hepatocytes to treatment with high 
concentrations of  cFn was, however, not particularly ro-
bust relative to KCs, suggesting that the secretion of  these 
factors may have a more localized purpose. For example, 
TNF-α, in particular, has been implicated in both the in-
flammatory and apoptotic responses of  cells[146,147]. It is 
thus plausible that the observed increase in both the release 
of  IL-6, and in the activity of  caspase-3, may be attributed 
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to autocrine TNF-α signaling after cFn induction. How-
ever, as demonstrated by other ECM molecules, cFn may 
also influence cell death directly[148,149]. Moreover, MMP-2 
and TIMP-2 produced by these hepatocytes in response to 
cFn treatment may be involved in the immediate degrada-
tion of  the surrounding matrix, producing reactive frag-
ments of  cFn which would have only a localized effect on 
hepatocyte behavior[150]. It is plausible that the hepatocyte 
response to excess cFn affects hepatocytes alone and is not 
to be included as part of  the collective signaling pool. Thus 
these findings also suggest that hepatocytes may be more 
involved in reinforcing their own demise during a condition 
of  alcohol-induced injury than previously assumed (Figure 
3). The specific mechanisms underlying these observed re-
sponses will, however, require further examination.

This seemingly unconventional response observed 
in hepatocytes could be explained by recent reports that 
suggest that these cells possess an inherent plasticity that 
makes them more susceptible to changes in the tissue 
microenvironment that could compromise pure epithelial 
character[151,152]. This plasticity is essential to the regenera-
tive capacity of  the liver that allows for recovery from 
sustained damage, which is an inevitable consequence of  
its function as a detoxifying organ. However, this poses 
a unique challenge for the researcher studying a specific 
aspect of  hepatocyte behavior, as current isolation proce-
dures and culture techniques can also alter the character 
of  these cells. These findings should be further explored 
using new techniques involving 3D cultures and liver slices 
that are more representative of  in vivo conditions[153,154].

CONCLUSION
Under normal conditions, cFn is an ostensibly innocu-
ous and minor component of  the ECM that is produced 
locally by tissues where it concentrates in the pericellular 
matrix that surrounds cells. It debuts as a critical factor 
for embryonic development, after which its levels greatly 
diminish, and are only re-established in adult tissue dur-
ing events that involve regeneration or repair. However, 
its elevated presence has also been associated with various 
chronic disorders that are characterized by extensive tissue 
damage. These conditions create doubts as to whether cFn 
is truly a mediator of  healing processes or an instigator of  
disrepair. 

In healthy tissue, where physiological processes are 
appropriately regulated, cFn production is stimulated in 
response to signs of  injury. Its upregulation provokes 
extreme activity that is essential for the repair of  dam-
aged tissue. Once tissue integrity has been restored cFn 
production is reduced to homeostatic levels and normal 
cFn turnover is restored. However, during a condition of  
relentless attack by agents that compromise tissue func-
tion, the regulatory mechanisms that restrict cFn activ-
ity become impaired. A condition of  unbridled ‘wound 
healing’ develops that actually causes more tissue damage 
rather than repair. 

In the liver, chronic metabolism of  alcohol leads to 
the build-up of  harmful byproducts which cause the in-

creased production of  cFn by hepatic SECs, as well as its 
impaired clearance by the hepatocyte specific ASGP-R. 
Although the physiological relevance of  the resulting ac-
cumulation of  cFn in the liver parenchyma remains debat-
able, evidence suggests cFn is not a static component of  
the hepatic scaffold, but a dynamic mediator of  cellular 
events that may promote the progression of  liver dam-
age associated with chronic alcohol abuse. This reactive 
glycoprotein stimulates specific cells in the liver to release 
pro-inflammatory and pro-fibrogenic factors which create 
further tissue damage and disrepair that lead to alcoholic 
fibrogenesis (Figure 3). 

Despite the medical community’s initiatives to educate 
and intervene, alcohol consumption rates world-wide 
continue to rise and with it the development of  alcoholic 
liver disease with often fatal outcome. Currently, there are 
no effective measures to counter this epidemic. Therefore, 
the effects and underlying mechanisms of  cFn-induced 
cell behavior in the alcohol-injured liver are worth further 
characterizing, not only to gain a more comprehensive 
understanding of  the role this glycoprotein plays in the 
progression of  alcohol-induced liver injury but also for 
any insight such investigation could provide towards the 
development of  desperately needed novel therapies for 
alcoholic liver disease.
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