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1. ABSTRACT

All transglutaminases share the common
enzymatic activity of transamidation, or the cross-linking of
glutamine and lysine residues to form N epsilon (gamma-
glutamyl) lysyl isopeptide bonds. The plasma proenzyme
factor XIII is responsible for stabilizing the fibrin clot against
physical and fibrinolytic disruption. Another member of the
transglutaminase family, tissue transglutaminase or TG2 is
abundantly expressed in cardiomyocytes, vascular cells and
macrophages. The transglutaminases have a variety of
functions independent of their transamidating activity. For
example, TG2 binds and hydrolyzes GTP, thereby fostering
signal transduction by several G protein coupled receptors.
Accumulating evidence points to novel roles for factor XIII
and TG?2 in cardiovascular biology including: (a) modulating
platelet activity, (b) regulating glucose control, (c)
contributing to the development of hypertension, (d)
influencing the progression of atherosclerosis, (e) regulating
vascular permeability and angiogenesis (f) and contributing
to myocardial signaling, contractile activity and
ischemia/reperfusion injury. In this review, we summarize
the cardiovascular biology of two members of the family of
transglutaminases, Factor XIII and TG2.
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2. INTRODUCTION

There are at least 9 members of the human
transglutaminase family(1). Factor XIII is the
plasma, platelet and macrophage proenzyme,
traditionally viewed as a terminal component of the
coagulation cascade. TG2 is another member of the
transglutaminase family that is widely expressed in
cardiovascular cells and in macrophages'. Recent
studies have documented diverse roles for these
transglutaminases in cardiovascular pathophysiology
(Figure 1). Transglutaminases likely influence both
the chronic as well as the acute manifestations of
atherosclerosis (e.g., plaque rupture).
Transglutaminases can modulate several
cardiovascular risk factors, especially hypertension,
by influencing angiotensin II-AT1 receptor signaling
and by altering vascular structure. The
transglutaminases have direct myocardial actions
such as regulating myocardial growth, fibrosis, and
wound healing after myocardial infarction. In this
review, we will consider these and other aspects of
the contributions of  transglutaminases to
cardiovascular health and disease.
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Figure 1. Effects of transglutaminases on vascular and cardiac diseases. The inset depicts a coronary artery with an
atheroma that has undergone plaque rupture, with subsequent thrombus formation in the arterial lumen and within the lipid
core. Stabilization of the thrombus. Factor XIIla mediated cross-linking of fibrin and covalent attachment of plasmin
inhibitor to fibrin renders the clot resistant to fibrinolysis. Factor XIIla and tissue transglutaminase play roles in platelet
activation, such as contributing to the formation of "coated" platelets. Coated platelets have surface-bound procoagulant
proteins, resulting in enhanced ability to promote thrombin generation. Factor XIIla and TG2 may also regulate platelet
adhesion by increasing the ligand binding affinity of integrin receptors. A. Effects on the progression of atherosclerosis.
Inhibitors of FXIIla reduce the progression of atherosclerosis in hyperlipidemic mice. In contrast, mice that lack
leukocyte expression of TG2 have more advanced atherosclerosis. Transglutaminase activity within the atheroma could
lead to plaque progression by a variety of mechanisms including increasing the deposition of ECM proteins and activating
TGF-B;. Tranglutaminase activity (especially TG2) also counteracts proteinases, for example, by attaching elafin to the
ECM or by stabilizing the fibrous cap against MMP-mediated rupture. B. Endothelial barrier function. Transglutaminases
stabilize the endothelial barrier, reducing endothelial permeability. Reduced EC barrier function could contribute to a
variety of clinical conditions including plaque progression, myocardial edema and pleural effusions. C. Effects of
transglutaminases on angiogenesis. The atheroma often has a rich neovascular supply. Factor XlIla enhances
angiogenesis by a variety of mechanisms such as enhancing VEGF receptor interaction with integrins and by down-
regulating thrombospondin-1, an inhibitor of angiogenesis. In different animal models, TG2 has been reported to either
enhance or inhibit angiogenesis. The effect of transglutaminases on angiogenesis could influence a variety of
cardiovascular events including plaque progression and stability, coronary collateral formation and would healing after
myocardial infarction. D. Effects of transglutaminases on blood pressure. Factor XIIIa induces the formation of dimers
of the AT1 receptor that are hyper-activated. AT1 dimers occur more commonly in hypertensive than in normotensive
patients. TG2 activity promotes the inward remodeling of arterioles in response to flow reduction. Increased expression
of TG2 increases vascular tone, which could promote hypertension. E. Effects of tranglutaminases on the myocardium.
Factor XIII knockout mice have poor myocardial healing and are prone to rupture after an MI. Transgenic mice that
overexpress TG2 have LVH, myocardial fibrosis and reduced LVEF. The function of TG2 as a G protein (Gh), coupling
a-adrenergic receptors to phospholipase C is dimished in ischemic and dilated cardiomypathies.
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3. ROLES OF FACTOR XIIIA IN HEMOSTASIS
AND THROMBOSIS

The traditional role of plasma Factor XIII is to
prevent hemorrhage by stabilizing the incipient hemostatic
thrombus against premature physical and enzymatic
disruption. Human Factor XIII deficiency is characterized
by a life-long severe bleeding disorder, with intracranial
hemorrhage (2) and recurrent abortions (3) being a
significant risk. Factor XIII subunit A-/- mice have a
similar phenotype with impaired clot formation and
reduced clot stability (4), and also suffer from spontaneous
miscarriages due to uterine bleeding (5).

The clot stabilizing activity of factor XIlla may
impede both endogenous and therapeutic fibrinolytic
activity. For example, Factor XIIIa cross-linking has been
demonstrated to play a role in the resistance of
experimental pulmonary emboli to fibrinolysis (6). Several
inhibitors of factor XIIla have been designed to enhance
thrombolytic activity, including L-722,151, an agent that
enhances fibrinolysis when administered early after
experimental thrombus induction (7,8). However, since
Factor Xllla catalytic activity has short half of ~ 19
minutes within the clot (9), it is uncertain whether factor
XlIIa inhibitors will be clinically useful to enhance
thrombolysis.

Factor XIIIa stabilizes fibrin by cross-linking the
gamma-chains (10) and alpha-chains (6,11) of fibrin to
each other and by attaching plasmin inhibitor to the fibrin
alpha-chain (12). Thrombin-activable fibrinolysis inhibitor
(TAFI, or plasma procarboxypeptidase B) is also cross-
linked to fibrin by factor XIIla and TG2, providing another
anti-fibrinolytic effect (13). Other mechanisms of altering
clot stability likely exist. Furthermore, emerging evidence
supports the concept that FXIlla activity can promote
thrombus formation. For example, when the N-terminus of
fibronectin is crosslinked by factor XIIIa to the C-terminus
of the fibrin alpha-chain (13), the cross-linked product
enhances platelet thrombus formation ex vivo in a parallel
flow chamber to a greater extent than surfaces coated with
fibrin alone or fibronectin alone (15). Elevated factor XIIla
activity has been detected in selected patients with a pro-
thrombotic tendency. For example, factor XIlla activity is
elevated in patients with antiphospholipid syndrome in
whom it may contribute both to thrombosis and to
accelerated atherosclerosis (16).

It is possible that factor XIII contributes to the
observation that levels of total plasma fibrinogen levels
correlate with risk of myocardial infarction and stroke (17).
Interestingly, factor XIII binds to a variant of the fibrinogen
gamma chain known as gamma prime. This interaction
occurs by binding the factor XIII B chain to the gamma
prime site (18). The gamma prime isoform comprises
approximately 8% of the total gamma-chain population in
plasma and is derived by alternative spicing of the carboxyl
terminus of the gamma chain in which the common
sequence (AGDV) is replaced by a new C-terminus
(VRPEHPAETEYDSLYPEDDL). The gamma prime
extended C-terminus may be prothrombotic by serving as a

2532

binding site for factor XIII (19,20). Alternatively, the
gamma variant may also have a role in suppressing
thrombin generation by binding to thrombin, a role that was
historically referred to as "antithrombin-I" (20).

The vascular roles of factor XIII,-mediated fibrin
cross linking are not limited to clot stability. Migration of
VSMC into factor XIlla-crosslinked fibrin gels is increased
2-fold compared to non-crosslinked gels (21). Thus, factor
XlIIa may influence the response to vascular injury, where
it may function as it does in other forms of wound healing
(22).  Plaque healing that occurs after rupture has been
cited as a mechanism for rapid plaque growth (23).
Accordingly, the extent of thrombus cross-linking by factor
Xllla could affect plaque progression.

4. TRANSGLUTAMINASES AND PLATELET
FUNCTION

Platelets contain FXIII A subunit dimers (24) as
well as TG2 (25) in their cytoplasm. Megakaryocytes have
a 140-fold increased expression of factor Xl A subunit
relative to stem cell precursors (26). As a result, platelets
are a major source of Factor XIII, containing up to 50% of
the total factor XIIla activity in blood (27). Despite its
abundance, the role of platelet Factor XIII is not thoroughly
understood.  Platelet factor XIII may be activated by
distinct mechanisms, without the need for the proteolytic
cleavage of an N-terminal peptide as occurs with plasma
factor XIII (28). Platelets not only contain significant
quantities of Factor XIII in their cytoplasm, but factor XIII
binds to the surface of activated platelets, at a site that is
sensitive to plasmin proteolysis (29).

Recently, platelet Factor XIIla has been reported
to be involved in "coated" platelet (formerly known as
collagen and thrombin activated, or COAT-platelet)
formation (30). Coated platelets have high surface content
of oa-granule proteins (such as fibrinogen, VWF,
fibronectin, factor V and thrombospondin) as well as
exposed phosphatidyl serine (31). There is evidence that
transglutaminase activity is involved in coated platelet
formation, since transglutaminase inhibitors block their
production (30). The a-granule proteins that are retained
on the surface of coated-platelets have been serotonylated
by transglutaminase-mediated cross-linking activity (32).
The serotonin-conjugated proteins bind to serotonin
binding sites on fibrinogen and thrombospondin (32).
Although Factor XIIla was considered the prime candidate
for the transglutaminase involved in coated platelet
formation, factor XIIIA-/- mice were found to form coat
platelets as well as controls, suggesting the possibility that
platelet-derived tissue transglutaminase was involved (33).

Platelet transglutaminase activity also contributes
to the secretion of alpha-granule contents during
aggregation. Upon platelet activation, intracytoplasmic
Ca™" levels rise, triggering transglutaminase activity.
Serotonin is conjugated to small GTPase proteins including
RhoA and Rab4, which then become constitutively active
(34). The interaction of the small GTPases with their
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downstream effectors results in cytoskeletal rearrangement
and secretion of alpha-granule contents (34).

With platelet stimulation, cytoplasmic factor XIII
cross links platelet cytoskeletal proteins, including filamin,
vinculin, actin, and myosin as well as the heat shock
protein  hsp27  (24,35). The function of these
intracytoplasmic cross-linked proteins in activated platelets
is currently unknown. Platelet factor XIII, along with
calpain, also regulates platelet membrane micro-
vesiculation and modulates the conversion of platelets from
a proadhesive to a procoagulant phenotype (36).

Platelet transglutaminases may mediate platelet
adhesion to other cells or to the extracellular matrix. For
example, factor XIIla supports the adhesion of platelets to
endothelial cells. Factor XIIla binds to endothelial cells via
the alpha,beta; integrin and to platelets via GPIIb/IIla (37-
40).  Conceivably, intrinsic platelet transglutaminase
activity serves to counterbalance platelet-derived matrix
metalloproteinase activity. MMPs have been shown to
cleave GPVI (41,42), GPIbalpha (43), P-selectin (44.,45).
Cleavage of these receptors would have an anti-adhesive
effect, which could be reversed by transglutaminase
activity. On the other hand, intrinsic platelet MMP activity
would likely oppose platelet transglutaminase effects.
Using tumor cell models, it has been demonstrated that
membrane-type MMPs degrade TG2, suppressing cell
adhesion to and migration on fibronectin (46). MT1-MMP
also activates MMP-2, which proteolyzes domain II of
TG2, destroying its catalytic and adhesive activities (47).

The interactions of TG2 with integrins have
broad implications in cardiovascular biology, extending
beyond the scope of platelet function. Nearly all TG2
molecules on the cell surface have a direct 1:1 non-covalent
interaction with integrins, primarily [, and B; integrin
subunits (48,49). Cell surface TG2 serves as a link
between integrins and fibronectin by acting as an integrin-
associated co-receptor that promotes cell adhesion,
spreading and migration. This adhesive function of cell
surface TG is independent from its enzymatic activities
(48,49).  The TG2-integrin complex provides a binding
site for fibronectin and facilitates cell adhesion and
migration (49-51). Recently the importance of TG2 in
regulating signals from the extracellular matrix has been
reinforced by the discovery that it is a ligand for GPR56
(52). GPR56 is a member of a newly described family of G
protein coupled receptors. In melanoma cells, GPR56 is
markedly down-regulated in the metastatic variants (52).
Furthermore, overexpresssion of GPR56 suppresses tumor
growth and metastasis whereas inhibition of GPRS56
enhances tumor progression (52). The implications of
these findings for cardiovascular biology have not yet been
explored.

5. EXPRESSION OF TRANSGLUTAMINASES IN
VASCULAR CELLS AND CARDIOMYOCYTES

Factor XIII is expressed primarily by bone-
marrow derived cells including platelets, monocytes and
macrophages (53). In contrast, TG2 is widely expressed by
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cardiac and vascular cells including endothelial and smooth
muscle cells which constitutively express TG2 at high
levels (54). In the human fetus, TG2 is expressed in human
cardiac myoblasts and vascular endothelial smooth muscle
cells at 5-8 weeks post fertilization (55). The cardiac
expression tended to decrease with further fetal
development, whereas expression in vascular smooth
muscle remained intense up to 14 weeks (55).
Cardiomyocytes from adult hearts also express TG2,
especially those derived from the subendocardial and
subepicardial regions (54). Tissue transglutaminase
expression in autopsied human hearts has been correlated
with areas of "mucinous  degeneration”, an
intracytoplasmic basophilic lesion that occurs primarily in
the elderly (56).

Chondrocytes, which under rare circumstances can exist
within the arterial wall (57,58), express both Factor XIIT A
chains and tissue transglutaminase (59). The expression of
transglutaminases in arterial cells including chondrocytes
suggests that TG2 or FXIII could have roles in arterial
calcification similar to those that have been demonstrated
for transglutaminases in bone mineralization (60,61).

6. ROLE OF TRANSGLUTAMINASES
INFLAMMATION

IN

TG2 is expressed by a wide array of cells
involved in immunity and inflammation including
lymphocytes, neutrophils and monocytes (62). Although
tissue transglutaminase and factor XIII are both expressed
by monocytes and macrophages, TG2 is markedly
upregulated while factor XIII is downregulated in the
process of monocyte to macrophage maturation (63). The
expression of Factor XIII in macrophages has been
described as a marker of the alternative pathway of
activation (i.e. via Th2 cytokines rather than Th1 cytokines)
(64). Macrophages activated by the alternative pathway are
involved in tissue repair and fibrosis, whereas those
activated "classically" promote tissue degradation by the
release of matrix metalloproteinases (64).

The factor XIII A subunit can be synthesized in
the liver (65) and in the bone marrow (53). The liver cells
that synthesize Factor XIII A chains include hepatocytes,
Kupffer cells and connective tissue histocytes (66).
However, the quantity of factor XIII A subunits contributed
by the liver appears insignificant relative to that produced
by cells derived from the bone marrow (27). The Factor
XIII B subunit, which functions primarily as a carrier and
stabilizing protein for the A chain, is synthesized in the
liver (67).

Increased TG2 activity is a common feature of
several inflammatory diseases. TG2 is involved in
enhanced inflammation by participating in an inflammatory
loop with the "master switch" for inflammation, NF-
kappaB, reducing free I-KkappaBalpha, leading to the
translocation of free NF-kappaB into the nucleus (68).
Since the TG2 promoter contains a NF-kappaB binding
motif (69), TG2 is induced by NF-kappaB, completing the
cycle. In addition to NF-kappaB, several inflammatory
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cytokines including IFN-gamma (70) and TGF-betal(71)
are known to upregulate TG2. The upregulation of TG2 by
TGF-beta, leads to another positive feedback loop. TG2
activates TGF-beta by cross linking the latent TGF-beta
binding protein to the extracellular matrix (72). TGF-beta
expression down regulates inflammatory and autoimmune
responses (73). TG2” mice fail to activate TGF-beta, have
delayed clearance of apoptotic cells and have evidence of
tissue inflammation and autoimmunity (74).

Factor XIIla and TG2 effect post-translational
modifications of phospholipase A2, an enzyme that releases
arachadonic acid from cell membrane
glycerophospholipids, leading to the synthesis of
inflammatory eicosanoids (75). Cordella-Miele and
colleagues demonstrated that transglutaminases can modify
secretory isoforms of PLA2 in two distinct ways. First,
TG2 and Factor XIIla mediated intramolecular cross-links
that promoted noncovalent dimerization of the enzyme
(76). Second, transglutaminases incorporated polyamines
into sPLA, (77). Both modifications significantly
augmented the activity of sPLA,. Peptide inhibitors of
TG2 or peptides with dual inhibition of TG2 and PLA,
significantly inhibited the inflammation associated with
allergic conjunctivitis induced by ragweed in a guinea pig
model (78) and lung inflammation induced by
lipopolysaccharide (79). Both factor XIII and tissue TG
have roles in regulating macrophage adhesion, migration
and phagocytosis (50,74,80). TG2 additionally promotes
the transendothelial migration of CD8" but not CD4" T
cells (62). By mechanisms that are currently unknown,
TG2 mediates the expression of the gp91P™ subunit of
NADPH oxidase expression in neutrophils, a gene product
that is essential for oxidative killing by generation of
superoxide anions (81). TG2 also contributes to neutrophil
migration into areas of inflammation. TG2 -/- mice have
reduced neutrophil nitroblue tetrazolium reduction
capacity, decreased superoxide anion generation and
decreased gp91™* expression, but increased neutrophil
phagocytic activity compared to wild type mice (81).

TG2 has been implicated in several autoimmune
diseases (82). A variety of TG2 substrates have been
identified as autoantigens in autoimmune diseases.
Furthermore, antibodies to TG2 have been identified in
celiac disease (83), dermatitis herpetiformis (84), type I
diabetes (85) and lupus (86). The mechanism by which
TG2 might contribute to autoimmunity is unclear. In the
case of celiac disease, TG2 is thought to generate
neoepitopes from gliadin through deamidation of some of
the glutamine residues that constitute 40% of the amino
acids residues of this molecule (82). TG2 also cross links
itself to gliadin, a process that appears to foster the
generation of anti-gliadin and anti-TG2 antibodies (82).

7. INTERACTIONS BETWEEN
TISSUE TRANSGLUTAMINASE

DIABETES AND

Tissue transglutaminase knockout mice were
originally reported to have a normal phenotype (87,88).
However, subsequent studies have demonstrated that TG2™"
mice have several subtle phenotypes including impaired
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glucose stimulated insulin secretion. TG2 has a role in the
calcium-dependent, glucose-induced insulin release from
beta-cells in the pancreas, as well as intracellular
processing of the insulin receptor (89). However, the
diabetic phenotype was partly ameliorated by increased
peripheral sensitivity to insulin. This enhanced sensitivity
was correlated with increased phosphorylation of the
endogenous insulin receptor substrate, IRS-2 (89). The
mild impairment of glucose metabolism in the TG2”" mice
is similar to that observed in type 2 diabetes and MODY
(Maturity-Onset Diabetes of the Young). An analysis of
TG2 in MODY patients revealed a missense mutation
(N333S) in the active site of the enzyme. This same
mutation was observed in a patient's father who was also
diabetic (89).

8. HYPERTENSION AND TRANSGLUTAMINASES

Recently, it has been suggested that factor XIlla
can contribute to the development or to the exacerbation of
elevated blood pressure (90). Immunoblotting of monocyte
membranes from normotensive subjects revealed that the
AT, receptor migrated predominately as a monomer. In
patients with hypertension, however, the receptor was a
dimer that was stable to denaturing and reducing conditions
(90). Patients with factor XIII deficiency failed to form
AT]I receptor dimers (90). This dimeric form of the AT,
receptor is hyperactive, with increased coupling to Gy,
generation of inositol phosphate, and mobilization of
intracellular calcium.  Monocytes from hypertensive
patients had higher FXIlla activity than those from
normotensive subjects (90). Treatment of hypertensive
subjects with ACE inhibitors for three months increased the
abundance of the monomeric form of AT, receptors,
decreased factor Xllla levels (90), and reduced monocyte
adhesion (90). In contrast to FXIIla, TG2 was not
effective in forming dimers of AT, (90).

9. TRANSGLUTAMINASES AND ARTERIAL
REMODELING

Although tissue transglutaminase does not cross-
link the AT receptor, this enzyme can contribute to
hypertension by  other  mechanisms. Tissue
transglutaminase in VSMC can enhance vasoconstriction
by stimulating RhoA/ROCK-2 kinase binding and ROCK-2
autophosphorylation ~ (91). Persistent  arteriolar
vasoconstriction or reduced shear stress can lead to "inward
remodeling" in which there is a sustained reduction in
vascular diameter (92). This inward remodeling involves
the rearrangement or structural reorganization of a constant
amount of vascular tissue with a reduced lumen diameter
(93). Tissue transglutaminase activity regulates the inward
remodeling that occurs after blood flow reduction in the
mesenteric arteries of the rat. Inhibitors of TG2 block
inward remodeling that was induced by endothelin-1.
Enhanced expression of endogenous TG2 or the application
of exogenous TG2 increases inward remodeling in several
animal models (94). In a porcine model of renal artery
stenosis, simvastatin inhibited the inward remodeling of the
intrarenal microvasculature, partly by decreasing the
upregulation of TG2 expression in the ischemic kidney
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(95). In TG2 null mice, inward remodeling of mesenteric
arteries is delayed in response to low flow states compared
to wild type mice. However, factor XIII that is present in
adventitial macrophages is able to provide a redundant
source of transglutaminase that promotes inward
remodeling, albeit at a slower rate than TG2 (96).
Eliminating  monocytes/macrophages  reduces  the
contribution of factor XIII to inward remodeling in TG2
null mice (96).

Increased expression of TG2 is associated with
increased vascular tone, while inhibition of TG2 activity
causes vasodilation. Interestingly, the activity of TG2
appears to be regulated, in part, by the application of
pressure to the arterial wall (94). Both TG2 and FXIII
transglutaminase activities are also regulated by nitric
oxide. Of the 18 free cysteine residues in TG2, 15 can be
nitrosylated and denitrosylated in a calcium-dependent
manner, resulting in enzymatic inhibition or activation,
respectively (97). Factor XIlIa is similarly inhibited by NO
(98). Thus, a healthy endothelium that generates a robust
supply of NO, will inhibit arteriolar transglutaminase

activity, thereby suppressing the propensity for
vasoconstriction and "inward remodeling".

10. ATHEROSCLEROSIS AND
TRANSGLUTAMINASES

Since atherosclerosis is now recognized to be a
disease in which inflammation plays a significant role
(99,100), the modulation of inflammation by
transglutaminases is surely an important factor in the
contributions of factor XIII and TG2 to this disease
process. However, there are several other potential roles
for transglutaminase in atherosclerosis. Both factor XIIla
(101) and TG2 (102,103) are present in human
atherosclerotic plaque. Furthermore, the transglutaminase-
generated isodipeptide epsilon(gamma-glutamyl) lysine is
elevated in fibro-lipid plaque obtained from diseased aortas
of humans and hyperlipidemic rabbits (104).
Transglutaminases may have a variety of roles in regulating
both the chronic progression of atherosclerosis as well as
its acute manifestations. In the atheroma, factor XIII is
expressed principally by macrophages (105), while TG2 is
also expressed by endothelial cells and smooth muscle
cells. The most direct evidence for a role for Factor XIlla
in atherosclerosis comes from the experiments in which
expression of a factor XIIla inhibitor reduced monocyte
entry into the artery wall and inhibited the development of
atherosclerosis in hypercholesterolemic Apo E”~ mice (90).

The expression and activity of TG2 increases in
the aortas of cholesterol-fed rabbits (106). This
observation likely reflects increased macrophage content of
the atherosclerotic aorta, although other cellular sources of
TG are also possible. In contrast to Factor XIlla, there is
evidence that leukocyte TG2 expression [imits the
progression of atherosclerosis. When TG-/- or TG+/+ bone
marrow was transplanted into lethally irradiated LDL receptor
knockout mice, animals with TG-/- bone marrow had larger
aortic valve lesions (107). TG2 expression in macrophages
has been hypothesized to regulate atherosclerotic lesions size
by: (1) controlling the phagocytosis of apoptotic cells (2)
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modulating TGF-beta activity and (3) altering ABCA1
expression, among other roles (107).

Extracellular TG2 expressing transglutaminase
activity stimulates TGF-beta which induces matrix
deposition and inhibits MMP production (108). This effect
could increase plaque mass but also potentially reduce the
likelihood of plaque rupture.  On the other hand,
upregulation of the intracellular G-protein function of TG2
has been reported to inhibit migration of human aortic
smooth muscle cells (109), an effect that might reduce the
thickness of the fibrous cap, predisposing to plaque rupture
but also potentially retarding the growth of the atheroma.
The stimulated expression of ABCALI in response to all-
trans retinoic acid in TG2” macrophages is reduced
compared to controls (107). ABCAIl mediates reverse
cholesterol transport, thereby providing and antiatherogenic
effect (1). ABCAI1 also has roles in controlling
inflammation (111) and in regulating apoptosis (112).

Factor XIII, bound to fibrinogen, can diffuse
across the endothelial cell barrier into the subintimal space
(113), where it functions as an extracellular enzyme. Even
the cellular sources of FXIII (platelets and monocytes) can
contribute to extracellular FXIII. Factor XIII A subunits
are expressed on the cell surface of macrophages where
they can be activated to cross link ECM proteins (114). For
example, Factor XlIla cross-links Lp(a) to fibrinogen
(101). Lp(a) that is cross-linked in the atheroma could
exert a local anti-fibrinolytic and pro-atherogenic effect
(101).

TG2 can be secreted and is detected in the
extracellular space of a variety of tissues including the
coronary artery (103). TG2 is expressed in the fibrous caps
and near "shoulder regions" (102) of plaques where it possibly
contributes to plaque stability. Interestingly, the HMG-CoA-
reductase inhibitor atorvastatin induced the expression of TG2
in endothelial cells (115). This effect could contribute to the
clinical benefit observed with 'statins", by promoting
stabilization of the atherosclerotic plaque.

An example of an extracellular TG2 substrate in
atherosclerotic plaque is elafin, an inhibitor of elastase that
has a prosegment rich in glutamyl and lysyl residues (116).
TG2 and elafin expression largely overlapped and
increased with more severe CAD, but was diminished at the
lipid core (103). Elafin and its precursor trappin-2 are
inhibitors of the neutrophil serine proteases leukocyte
elastase and proteinase 3. Both trappin-2 and elafin are
crosslinked by TG to ECM proteins where they retain their
SERPIN activity (117).

11. ASSOCIATION BETWEEN FACTOR XIII
LEVELS, CARDIOVASCULAR RISK FACTORS
AND ATHEROSCLEROSIS

A gene profile study of peripheral blood cells
from patients with coronary artery disease demonstrated a
2.1-fold increase in factor XIII A subunit expression
compared with healthy controls (118). Consistent with this
observation, a case control study of patients with
established CAD showed higher factor XIII A subunit
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levels compared with control, but there was no association
between FXIII A subunit and MI (119). Similarly, elevated
levels of factor X1l have been reported in patients with
obliterative atherosclerosis (120). Factor XIlla activity has
been positively correlated with carotid IMT (16).

In contrast to some studies correlating higher
factor XIII levels with vascular events, a nested case-
control study from the Second Northwick Park Heart Study
(NPHSII) found the inverse relationship. In this study,
patients who were free of CAD but later suffered an MI had
lower FXIII A-subunit antigen levels compared with
controls (121). Furthermore, lower factor XIII A subunit
levels predicted larger stroke and increased stroke mortality
in patients with acute stroke (121). Low factor XIII A
subunit antigen concentrations were felt to be reflective of
higher in vivo thrombin generation. Prothrombin fragment
F1+2 levels showed a significant inverse correlation with A
subunit levels (121). Incubation of plasma with thrombin
reduced Factor XIII A but not B subunit levels (121).

Elevated factor XIII levels have been reported in
patients with risk factors for atherosclerosis, including
diabetes, hyperlipidemia and the metabolic syndrome.
Elevated levels of factor XIII have been reported in patients
with type 2 diabetes mellitus (122) and the crosslinking of
plasmin inhibitor to fibrin from subjects with Type 2
diabetes is enhanced compared with controls (123).
Furthermore, the extent of cross-linking of plasmin
inhibitor of fibrin correlated with HbA,. and fasting
glucose levels (123).  Interestingly, dimethylbiguanide
(metformin) interferes with factor XIII activation and with
fibrin polymerization (122). In patients treated with
metformin over a 12 week period, factor XIII antigen and
activity levels were reduced (124).

Hyperlipidemic subjects have elevated factor
XIII activity (125,126). Patients with elevated triglyceride
levels, in particular, were likely to have elevated FXIIla
activity, possibly due to increased hepatic synthesis (126).
Several studies have found correlations between insulin
resistance and factor XIII A (122) or Factor XIII B (127)
subunits. In addition to insulin resistance, Factor XIII B
subunit levels have been positively correlated with other
components of the metabolic syndrome, including waist:hip
ratio, fasting triglycerides, and PAI-1 antigen (128).

Factor XIII levels are partly determined by
heritable factors (h?= 0.48 p<0.0001) (129). The structure
of the fibrin clot (pore and fiber size) is influenced by
fibrinogen levels and factor XIII subunit levels, and these
levels are, in turn, under genetic as well as environmental
control (130). The male relatives of patients with
premature CAD had earlier onset of clot formation with
smaller pores, lower fiber mass-length ratios, and contained
thicker fibers compared to unrelated healthy controls (131).

12. TRANSGLUTAMINASES AND SIGNAL
TRANSDUCTION

Tissue transglutaminase is identical to a high
molecular weight G protein called Ghalpha (132). In this

2536

capacity, TG2 is involved as a signal transducing protein,
mediating the activation of the deltal isoform
phospholipase C by the alpha;z- and alpha;p-adrenergic
receptors (132,133) thereby increasing inositol phosphate
turnover in TG2-transfected cells. However, although mice
overexpressing TG2 in the myocardium develop a
phenotype of LVH, there was no evidence in this model for
a direct link between TG2 and inositol phosphate
hydrolysis (134). TG2 not only enhances signaling of
subtypes of alpha;-AR, but also thromboxane A2 receptor
o subtype'*® and the oxytocin receptor (136,137). TG2 also
associates with the cytoplasmic tails of several integrins
including alphas, alpha,, and alphayy, (138).

Activating the RhoA/ROCK pathway is another
cell signaling activity of tissue transglutaminase. RhoA, a
small GTPase, is a member of the Ras superfamily and has
roles in cell adhesion, migration, cytoskeletal organization
as well as a variety of other cellular functions (139). TG2
can activate RhoA by two mechanisms. In the first, TG2
irreversibly activates RhoA by transamidating amino acid
residue GIn63 in RhoA (140). An alternate mechanism,
which is independent of the enzymatic activity of TG2 has
been described in which cell surface TG2 enhances
integrin-dependent signaling to RhoA and its downstream
effector ROCK by inducing integrin clustering (91).

The intracellular function of TG2 is tightly
regulated by intracellular calcium and GTP concentrations
which have opposing influences on TG2 activities. When
TG2 binds to GTP, its transglutaminase function is
inhibited, but this inhibition is abrogated by calcium, which
activates the transglutaminase enzymatic activity of TG2.
The activation of TG2 during the increase in intracellular
calcium and the reduced GTP generation that occurs with
apoptosis leads to cross-linking of cellular proteins
stabilizing the apoptotic body, thereby potentially limiting
the release of damaging intracellular contents to
neighboring cells and tissues (141). The sensitivity of
TG2 activity to inhibition by GTP is increased by
nitrosylation of cysteine residues (97) whereas the calcium-
dependent transglutaminase activity of TG2 is increased by
sphingosylphosphocholine, which is increased in cells
undergoing apoptosis (142). The calcium binding protein
calreticulin  inhibits both the GTP binding and
transglutaminase activity of TG2 (143,144). Thus, there
appears to be tight regulation of TG2 activity, including a

finely-tuned switch between its G protein and
transglutaminase functions.

13. ROLE OF TRANSGLUTAMINASES IN
VASCULAR PERMEABILITY

The loss of endothelial barrier function may
contribute to the development of early atherosclerotic
lesions (100). Factor XIII has a role in endothelial barrier
function (145), reducing endothelial permeability,
apparently by modifying paracellular transport in
endothelial cell monolayers. In an animal model, factor
XIII blocked enhanced permeability induced by anti-
endothelial cell antiserum (146).
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Factor XIII administration may prevent capillary
leak syndrome in certain clinical scenarios. Acquired
factor XIII  deficiency is common  following
cardiopulmonary bypass (147-150) and children may be
particularly susceptible to the deficiency. In children
undergoing open heart surgery for congenital cardiac
defects, those with low factor XIII levels have a higher risk
for developing myocardial edema requiring delayed sternal
closure (151). In a small randomized study, administering
factor XIII reduced myocardial edema formation (151).
Similarly, increased pleural effusions correlate with lower
factor XIII levels in children undergoing open heart
surgery.  Administration of recombinant factor XIII
reduced pleural fluid accumulation (152).

In adult patients undergoing CABG, factor XIII
levels fell to a nadir value of approximately 55% at 30
minutes after the onset of extracorporeal circulation (153).
Patients were randomized in a double blinded study to
placebo, 1250 units or 2500 units of human coagulation
factor XIII. The group that received 2500 units achieved
levels of factor XIII equivalent to pre-operative values.
Patients treated with placebo had the most bleeding and
those treated with 2500 units had the least with the 1250
unit group being intermediate, but these differences were
not statistically significant.  Patients who had post-
administration levels of factor XIII <70% had increased
chest tube drainage and blood product transfusion during
the first 48 hours (153). The authors concluded that FXIII
administration would be justified if levels after
extracorporeal circulation are <70% (153).

TG2 has a less well-defined role in promoting
endothelial barrier function. TGI, but not TG2, is
translocated to the intercellular junctions as the monolayer
matures (154). Specific silencing of TGI with RNAi
inhibited the maturation-dependent changes in the barrier
properties of endothelial monolayers. Of interest is the
finding that some types of endothelial cells (e.g., mouse
myocardial) express ample TG I whereas others (mouse
lung microvascular) do not (154).

14. TRANSGLUTAMINASE ACTIVITY AND
ANGIOGENESIS

Human transglutaminase (TG2) enhances
angiogenesis and wound healing in a rat dorsal skin flap
chamber'*®. However, there has also been a report of an
inhibitory effect of TG2 on angiogenesis (156). In a mouse
CT26 tumor model, the injection of TG2 reduced tumor
growth and induced tumor regression in some cases (156).
This effect appeared to be due to a fibrotic response with
increased collagen accumulation that represented a physical
barrier to tumor invasion as well as to a destabilization of
tumor angiogenesis (156).

Factor Xllla can support endothelial cell
adhesion and modulate EC tube formation (38). Factor
XlIlla binds to alphaybeta; on EC, enhancing the
noncovalent association between alpha,beta; and VEGFR-2
(157). Factor XllIla also cross-links the two receptors
(157). Platelets that are activated by thrombin release
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thymosin betay which is cross-linked by factor XlIlla to
collagen and fibrin (158). Thymosin beta, has roles in
promoting angiogenesis by supporting endothelial cell
attachment, spreading and migration (158). Furthermore,
FXIIla downregulates thrombospondin-1, an inhibitor of
angiogenesis (159). As predicted from these biological
effects, factor XIIla has been shown to have a direct
proangiogenic effect in vitro (reviewed in reference 160)
and in vivo (160-162).

In an angiogenesis model in which matrigel
containing bFGF was injected subcutaneously, FXIII null
mice had reduced angiogenic response compared to wild
type mice. This deficit was restored to near normal levels
with the addition of FXIIla to the matrigel (163). In a
neonatal cardiac heterotropic allograft model, wild-type
mice injected with FXIIIa had increased vessel formation
around the implanted heart allografts and improved
contractile performance compared with controls (163).

15. LVH AND HEART FAILURE

In addition to regulating the microvascular blood
supply to the heart, the transglutaminases could also
influence myocardial hypertrophy, extracellular matrix
abundance and composition, responses to
ischemia/reperfusion and infarct healing. TG2 could also
regulate contractile performance by its function as an
adrenergic receptor-coupled G protein. There is evidence
for alterations in TG2 expression and function in animals
and patients with heart failure. Tissue transglutaminase
expression is upregulated with cardiac hypertrophy and
heart failure in animal models (164). In contrast, activity
(GTP binding and GTPase) of TG2 was found to be
downregulated in patients with ischemic and dilated
cardiomyopathies (165).

Mice that overexpress TG2 in a cardiac-specific
manner have cardiac hypertrophy, interstitial fibrosis,
increased apoptosis, depressed LV systolic and diastolic
function, elevated heart rate, but preserved responsiveness
to beta adrenergic receptor stimulation (134).
Cardiomyocytes from TG2 transgenic mice had evidence of
increased lipid peroxidation and cyclo-oxygenase 2
activation (166). The heart failure of TG2 overexpressing
mice was partly dependent on COX-2 derived thromboxane
A2 and the phenotype could be rescued by treatment with
COX-2 inhibitors (166).

Interestingly, patients who develop
autoantibodies to tissue transglutaminase may develop
cardiac disease. The presence of IgA autoantibodies to
TG2 is nearly pathognomonic for celiac disease (83).
Celiac Disease has been described in 4.4% of patients with
myocarditis, a prevalence that is 14-fold higher than in
control subjects (167). Similarly, CD occurs in up to 5.7%
of patients with idiopathic dilated cardiomyopathy
(168,169). A common auto-antigen in celiac disease and
its associated autoimmune cardiomyopathy is TG2
(167,170). These patients may respond to a gluten-free diet
alone or with immunosuppression (171).
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Autoantibodies to tissue TG may occur in
patients with heart failure even in the absence of symptoms
of celiac disease. In a study of 288 patients with end stage
heart failure awaiting cardiac transplantation, nearly half
were found to have positive IgA and IgG antibodies
directed at recombinant human TG2 (172). These patients
had no clinical evidence of celiac disease. The authors
speculated that high TG2 levels in heart failure, playing a
role in fibrogenesis and apoptosis in this disorder, might
secondarily induce antibodies to TG2. In a general
population survey in southern Germany, 63/4633 (1.4%)
subjects had elevated IgA antibody titers to TG2. All cause
mortality was significantly elevated in these subjects, with
heart failure and cancer being the most common causes of
death (173).

16. EFFECT OF TG2 ON CARDIAC
ISCHEMIA/REPERFUSION INJURY

Reperfusion of an ischemic tissue may result in
paradoxical cellular damage with myocardial stunning,
microvascular injury and apoptosis or necrosis. The
proteolysis of thin filament proteins, especially troponin I
has been shown to be a key event in cardiac stunning.
McDonough et al (174). have shown that moderate
ischemia/reperfusion injury in rats is accompanied by
proteolysis of 17 residues from the C-terminus of cardiac
troponin I. The resultant fragment (cTnl;93) forms covalent
complexes with N-terminal residues in ¢cTnC and with C-
terminal residues of TnT (174). Gorza et al. also reported
covalent complexes containing cTnT in
ischemia/reperfusion models (174). These covalent
complexes appear to be mediated by TG2-mediated
isopeptide bond formation (174,176).  Although the
physiological significance of these interactions is not
understood, it is possible that the cross-linking of cTnc and
cTnT alters Ca™ dynamics within the sarcomere, which
could, in turn, alter myocardial contractile function.

Prolonged ischemia can result in cardiomyocyte
apoptosis or infarction. The cross-linking of TnT by TG2
occurs with apoptosis (177).  Infarct size and the
occurrence of ventricular fibrillation is significantly
increased in TG2-/- ischemia/reperfused isolated hearts as
compared to ischemia/reperfused wild-type hearts (178).
The increased sensitivity of TG2 null mice to I/R injury is
not due to impaired adrenergic receptor signaling. Instead,
the increased susceptibility to injury appeared to be due to
lower baseline stores of high energy phosphates in the TG2
null mice. TG2-/- mice have a mitochondrial functional
defect with impaired ATPase function (178). These studies
provide evidence for a novel role of TG2 in maintenance of
mitochondrial respiratory function. It has been previously
shown that TG2 colocalizes with mitochondria and its
overexpression leads to mitochondrial hyper-polarization
(179).

17. EFFECTS OF FACTOR XIII ON MYOCARDIAL
HEALING AFTER MI

Factor XIII deficient mice have a normal cardiac
phenotype, but exhibit impaired healing and fatal rupture of
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the LV after myocardial infarction (180). Mice with even
relatively mild deficiency of factor XIII (70% activity in
FXIII+/- mice) displayed this phenotype. Cardiac rupture
of factor XIII deficient mice (FXIII™ and FXII )
occurred between 3 and 5 days after MI, consistent with
clinical observations of this complication (180). Cardiac
ruptures were likely due to an imbalance in ECM turnover,
since MMP-9 expression was 7-fold higher and collagen-1
production was 53% lower in FXIII” mice (180).
Replenishing Factor XIII levels in FXIII” mice reduced
cardiac rupture and death rates to those observed in wild
type mice. FXIII administration also reduced MMP-9
expression but failed to improve collagen-1 production.
The authors speculated that the lack of increased collagen
syntheses with intravenous supplemental FXIII could be
due to failure of this therapy to replenish intracellular factor
XIII in platelets and monocytes/macrophages (180).

The clinical importance of these findings require
further investigation. However, the finding of a 25%
decrease in FXIII levels during the first week after an MI or
stroke raises the possibility that some patients may be
susceptible to myocardial rupture due to low factor XIII
levels (181).

18. DIAGNOSTIC AND THERAPEUTIC
IMPLICATIONS OF TRANSGLUTAMINASES

The D-dimer antigen assay has been widely used
as a screen for venous thromboembolic events (182). The
finding of a negative D-dimer with low clinical effectively
excludes the diagnosis of deep vein thrombosis (182). The
D-dimer is generated by factor XIII-mediated ligation of
aligned fibrin gamma chains, with cross-linking of
glutamine residues 398 or 399 of one gamma-chain to
lysine residue 406 of another gamma-chain (183). Factor
XllIlIa generates soluble cross-linked complexes that contain
the D-dimer antigen before a fibrin gel is formed (184).
The D-dimer antigen is released from soluble and insoluble
fibrin by plasmin proteolysis (185).

Low molecular weight substrates of factor XIIla
(186) and TG2 (187) have been developed to localize
transglutaminase activity within blood clots, atherosclerotic
plaques or other tissues. The substrates used for these
studies consist of a peptide derived from alpha, antiplasmin
coupled to either gadolinium for magnetic resonance
imaging or to a near-infrared fluorescence probe.

There are several potential clinical applications of
the transglutaminases. Infusions of factor XIII to reduce
bleeding during cardiopulmonary bypass surgery has been
discussed. Transglutaminase-modified matrices could be
used to improved physical and biological properties or to
incorporate specific agents into engineered tissues (188-
190).

19. PERSPECTIVE
Despite the panoply of interactions already

described for FXIII and TG2 in this arena, there are likely
many new discoveries yet to be made. It is probable that
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other members of the transglutaminase family also have
relevant functions for cardiovascular disease. Indeed, we
have already discussed the role of keratinocyte TG (TG1),
expressed in endothelial cells, as an important contributor
to endothelial barrier function. We have considered the
cytoplasmic, cell-surface and matrix function of
transglutaminases, but little is currently known about the
roles for FXIII and TG2 in the nucleus. It is known that
TG2 modifies participants in transcriptional regulation
including histones (191), retinoblastoma gene product
(192), and Spl1 (193). However the implication of these
activities for heart and vascular health are currently
unknown. Although we have considered the actions of
TG2 in cross-linking, acting as a G-protein and as an
integrin co-receptor, there are other functions of this
enzyme that are only beginning to be understood. The
roles of TG2-mediated polyamination or deamidation of
glutamine residues and acylation of lysine residues are not
fully known. Furthermore, TG2 also acts as a protein
disulfide isomerase (194) and as a protein kinase (195-197)
for certain target proteins. It is clear that future studies of
transglutaminases represent an exciting frontier that may
advance the diagnosis and treatment of cardiovascular
diseases.
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