REVIEW ARTICLES
Overview of Blood Coagulation

David Green
Division of Hematology/Oncology, Department of Medicine,
Northwestern University Medical School, Chicago, Illinois,
U.S.A.

T

he endothelium is the principal anti-thrombotic mechanism, providing a non wettable surface and generating
potent vasodilators (nitric oxide and prostacyclin) and clotting inhibitors [thrombomodulin and tissue factor pathway
inhibitor (TFPI)]. When the integrity of the endothelium is
breached, vasoconstriction occurs through neural and chemical (endothelin, thromboxane) mechanisms, and platelet adhesion is facilitated (von Willebrand factor). Activation of
platelets accompanied by microparticle formation provides
a thrombogenic surface for subsequent coagulation reactions.
The initial generation of small amounts of thrombin greatly
amplifies subsequent clotting factor activation and results
in substantial thrombin formation. Thrombin activates an
inhibitor of fibrinolysis [thrombin activatable fibrinolysis inhibitor (TAFI)] which prevents the binding of plasminogen
to fibrin. Mechanisms to limit clot formation include inhibition of the tissue factor–factor VIIa complex by TFPI, inhibition of activated factors V and VIII by activated protein C,
and binding of thrombin by thrombomodulin, heparin
cofactor II, and anti-thrombin. Clot dissolution is promoted
by plasminogen activators (tissue plasminogen activator and
urokinase) and by plasminogen.

platelet glycoprotein Ib. The spreading platelets express
P-selectin, which may slow the rolling of polymorphonuclear
leukocytes (PMNs) on the vessel surface and activate them
[2]. The PMNs are also a source of tissue factor that becomes
adherent to platelets [3]. Once activated, leukocytes can directly activate coagulation factor X to factor Xa [4]. In addition, endothelial cells release chemoattractants for monocytes
and macrophages; these cells become activated and express
tissue factor on their surfaces.
Adherent platelets become activated and release thromboxane-A2, which induces vasoconstriction and platelet
aggregation. They also release adenosine diphosphate and calcium, both of which reinforce the formation of platelet aggregates [5]. Other proteins released by platelets include the
von Willebrand factor; platelet factor 4, which neutralizes heparin and other proteoglycans; and factor V and fibrinogen,
which promote coagulation. Lastly, platelets generate
microparticles or membrane vesicles, which provide a large
thrombogenic surface for the localization of clotting factors.
Clinical relevance

Deficiencies or defects in either von Willebrand factor or its
binding site on platelets (glycoprotein Ib) result in von
Willebrand disease or Bernard–Soulier syndrome, respectively. These conditions are characterized by impaired platelet adhesion under high shear, resulting in prolonged bleeding
from wounds to the skin or mucous membranes. On the other
hand, an excess of high molecular weight multimers of the
von Willebrand factor occurs in thrombotic thrombocytopenic
purpura. The excess is attributed to antibodies directed against
the protease that normally cleaves von Willebrand factor [6].
The result is the formation of platelet thrombi throughout the
microvasculature. The role of the von Willebrand factor in
hemolytic–uremic syndrome remains to be clarified [7].
The administration of drugs such as aspirin impairs platelet release of thromboxane, resulting in a mild bleeding tendency. Phosphodiesterase inhibitors such as dipyridamole raise
platelet cyclic AMP levels, rendering the platelet less responsive to agonists. Ticlopidine and clopidogrel inhibit adenosine diphosphate–induced platelet aggregation by blocking the
platelet receptor P2YADP [8]. More potent inhibition of plate-
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When a vessel is injured, it undergoes reflex vasospasm, which
is sustained by the release of endothelin, a potent vasoconstrictor. Shear stress at the site of injury, as well as calcium
fluxes, induces the release of von Willebrand factor from specialized organelles present in endothelial cells, the Weibel–
Palade bodies [1]. The von Willebrand factor promotes platelet
adherence to subendothelial connective tissue, mediated by
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let function occurs with abciximab, which binds to platelet
glycoprotein IIb/IIIa and prevents the platelet release reaction. Platelet microparticles are powerful procoagulants and
are found in pathologic thrombotic disorders such as heparin-induced thrombocytopenia [9] and the disseminated intravascular coagulation (DIC) associated with malignancies.

ing of clotting factors, and protecting activated coagulants
from inhibitors. This behavior explains why thrombocytopenia is associated with bleeding, and thrombocytosis with
thrombosis. The major components of the procoagulant complexes are vitamin K–dependent serine proteases produced
by the liver. Thus, vitamin K deficiency and liver disease are
associated with bleeding. Deficiency of vitamin K may be
due to poor nutrition; it also occurs with malabsorption syndromes; and it is deliberately induced by warfarin therapy.
The expression of tissue factor occurs with vascular injury, as with the erosion of an atheromatous plaque, or with
widespread tissue trauma such as occurs with burns, major
surgery, or some obstetrical conditions. Many neoplasms expose membrane-associated tissue factor. Endotoxin is also a
powerful inducer of monocyte and macrophage tissue factor.
Local exposure of tissue factor promotes thrombus formation
at injury sites and on plaques; but, with crush injuries, extensive trauma, metastatic malignancy, and sepsis, the widespread
exposure of tissue factor results in DIC [12].

Thrombin generation

Thrombin generation is dependent on the formation of three
procoagulant enzyme complexes, each of which consists of a
vitamin K–dependent serine protease (factor VII, IX, X, or
prothrombin) associated with a membrane-bound cofactor (tissue factor, factor V, or factor VIII) assembled on a membrane
surface (Fig. 1) [10]. The first such complex consists of
factor VII, which becomes bound to tissue factor expressed
on the membrane of activated monocytes and macrophages.
Binding to tissue factor activates factor VII to factor VIIa [11].
The tissue factor–VIIa complex activates factors IX and X (to
IXa and Xa, respectively). The second complex (the
prothrombinase complex) consists of factor Xa and its cofactor, factor V, and prothrombin. This complex converts prothrombin to thrombin. Thrombin activates factors V, VIII, and
XI, thereby amplifying its own generation. Factor XIa activates additional factor IX. The final complex (the tenase complex) consists of factor IXa and its cofactor, factor VIIIa, and
factor X, which is converted to factor Xa. The relatively large
amounts of factor Xa so generated lead to the formation of
sufficient thrombin to form hemostatically effective fibrin clots.

Fibrin formation and inhibition of fibrinolysis

Thrombin cleaves two peptides from the α and β chains of
fibrinogen (fibrinopeptides A and B) to form fibrin monomer. Fibrin monomers aggregate and form fibrin polymers.
Thrombin activates factor XIII, forming the active A2 subunit, which then dissociates from the B2 carrier protein; the
A2 subunit cross-links the fibrin chains. Thrombin activates a
fibrinolysis inhibitor (TAFI; Fig. 2) which prevents the binding of plasminogen to fibrin [14]. Activated platelets release
another inhibitor of fibrinolysis, plasminogen activator in-

Clinical relevance

Platelets play a major role in thrombus formation by releasing procoagulants, providing a large surface area for the bind-

FIGURE 2 Regulation of coagulation and fibrinolysis. The thrombomodulin
(TM)–thrombin (IIa) complex catalyzes the formation of activated protein C
(PC → APC), which indirectly inhibits thrombin generation from
prothrombin (II). It also catalyzes the activation of thrombin-activatable
fibrinolysis inhibitor (TAFI → TAFIa), which inhibits plasmin generation
from plasminogen activator (Pga → Pn). Thrombin catalyzes the cleavage
of fibrinogen (Fgn) to form fibrin (Fn). Plasmin lyses fibrin to form fibrin
degradation products (FDPs). (Reproduced with permission from [13].)

FIGURE 1

Procoagulant coagulation complexes. The first complex generates
activated factor IX (IXa) and small amounts of activated factor X (Xa). The
tenase complex generates large amounts of Xa, and the prothrombinase
complex converts prothrombin (II) to thrombin. TF = tissue factor; H and L
(subscripts) = heavy and light chains of factors V and VIII. (Reproduced
from [10].)
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hibitor-1 (PAI-1). Other inhibitors of fibrinolysis include plasmin inhibitor (α1-antiplasmin) and lipoprotein(a), which competes with plasminogen for binding to fibrinogen [15].

phospholipid antibody syndrome may have auto-antibodies
directed against β2-glycoprotein-1 or annexin V, or both; the
presence of such auto-antibodies increases the risk of venous
or arterial thrombosis and intrauterine fetal death due to placental insufficiency [25].
Deficiencies of antithrombin, protein C, and protein S are
associated with hypercoagulability. Inherited disorders of these
physiologic anticoagulants are relatively rare, but many patients have acquired deficiencies owing to a variety of diseases. For example, plasma levels are low in liver disease and
in DIC. Antithrombin is inactivated and excreted in the urine
of patients with nephrotic syndrome [26]. Concentrations of
proteins C and S are reduced by warfarin therapy or vitamin K
deficiency, and low levels of protein C are encountered in
patients with severe sepsis [27]. Other causes of thrombophilia include mutations in the genes for factor V (factor V
Leiden) and prothrombin (prothrombin G20210A), which
result in a gain of function for these procoagulants [28].

Clinical relevance

Patients with hemophilia have delayed thrombin generation
and therefore produce less TAFI. In consequence, their fibrinolysis is more active. This situation probably contributes
to their bleeding problems—in particular, to the late-onset
bleeding that is characteristic of hemophilia. Fibrinolysis is
also much more active in patients with liver disease, for two
reasons: first, hepatic clearance of tissue plasminogen activator is decreased; and second, synthesis of inhibitors of fibrinolysis, such as plasmin inhibitor and α2-macroglobulin, is
reduced.
Adipocytes synthesize PAI-1, which is elevated in people
with obesity [16]. Obesity is associated with an increased risk
for venous thrombosis. In addition, high concentrations of
PAI-1 are found in metabolic syndrome, which is characterized by insulin resistance and severe atherothrombotic disease [17]. Increased levels of lipoprotein(a) have been
associated with a heightened risk for both venous [18] and
arterial thrombosis.

Activation of fibrinolysis

As fibrin forms in the blood, it binds the major activator of
the fibrinolytic system, tissue plasminogen activator (t-PA)
[29]. In addition, plasminogen also binds to fibrin and is activated to plasmin by t-PA. However, plasmin inhibitor and
plasminogen activator inhibitor-1 (PAI-1) also bind to fibrin
and inhibit plasminogen activation and plasmin. Plasmin lyses
the fibrin clot; plasmin residing in the fibrin meshwork is
protected from inactivation by plasmin inhibitor.

Factors limiting coagulation

The endothelium releases nitric oxide and prostacyclin, potent vasodilators and inhibitors of platelet aggregation. The
endothelium also provides tissue factor pathway inhibitor
(TFPI), which forms a complex with factor Xa and inhibits
the tissue factor–VIIa complex [19]. Proteins such as
annexin V and β2-glycoprotein-1 bind to negatively charged
phospholipids on activated platelets, preventing attachment
of coagulation factors [20]. Heparin-like proteoglycans in the
subendothelium activate heparin cofactor II and antithrombin, which inhibit thrombin [21]. Antithrombin also inactivates several clotting factors (IXa, Xa, XIa) and the tissue
factor–VIIa complex [22].
Thrombomodulin, a protein expressed by the endothelium,
binds thrombin; the resulting complex activates protein C
(Fig. 2). Activated protein C (aPC), with protein S as a cofactor, inactivates factor Va. Furthermore, aPC, with factor V
as a cofactor, inactivates factor VIIIa [23]. Thus, aPC is a
major inhibitor of thrombin generation. About one third of
protein S is free in the plasma; the other two thirds are bound
to the C4b-binding protein. Bound protein S is incapable of
acting as a cofactor for aPC. β2-Glycoprotein-1 competes with
the C4b-binding protein for protein S, increasing the availability of free protein S [24].

Clinical relevance

Activators of plasminogen such as streptokinase and t-PA are
widely used to lyse thrombi in patients with major organ ischemia. It is not generally appreciated that the efficacy of
these lytic agents depends on plasminogen levels. With repeated administration of the activators, plasminogen is consumed and the thrombolytic activity of the agent may be
reduced. Infusions of plasma may restore plasminogen levels
and lytic activity. If fibrinolysis is excessive, drugs such as
epsilon aminocaproic acid may be given to inhibit fibrinolytic
activity. Such agents are very useful in patients with liver
disease who have excessive lytic activity owing to failure of
the liver to produce adequate amounts of plasmin inhibitor.
References
1 Andre P, Denis CV, Ware J, Saffaripour S, Hynes RO,
Ruggeri ZM, Wagner DD. Platelets adhere to and translocate
on von Willebrand factor presented by endothelium in
stimulated veins. Blood. 96(10):3322–8, 2000.
2 De Gaetano G, Cerletti C, Evangelista V. Recent advances in
platelet–polymorphonuclear leukocyte interaction.
Haemostasis. 29(1):41–9, 1999.
3 Rauch U, Bonderman D, Bohrmann B, Badimon JJ, Himber
J, Riederer MA, Nemerson Y. Transfer of tissue factor from
leukocytes to platelets is mediated by CD15 and tissue
factor. Blood. 96(1):170–5, 2000.
4 May AE, Neumann FJ, Preissner KT. The relevance of blood

Clinical relevance

A breach in the integrity of the endothelium promotes thrombosis. This effect may be readily observed in patients undergoing balloon angioplasty; it is controlled by the
administration of inhibitors of platelet function and the insertion of stents to maintain vessel patency. People with the anti72

Hemodialysis International, Vol. 5, 2001

5
6

7
8

9

10
11

12

13

14

15

16

17

Green

cell–vessel wall adhesive interactions for vascular thrombotic disease. Thromb Haemost. 82(2):962–70, 1999.
George JN. Platelets. Lancet. 355(9214):1531–9, 2000.
Furlan M, Lammle B. von Willebrand factor in thrombotic
thrombocytopenic purpura. Thromb Haemost. 82(2):
592–600, 1999.
Zimmerhackl LB. E. coli, antibiotics, and the hemolytic–
uremic syndrome. N Engl J Med. 342(26):1990–1, 2000.
Di Virgilio F, Chiozzi P, Ferrari D, Falzoni S, Sanz JM,
Morelli A, Torboli M, Bolognesi G, Baricordi OR. Nucleotide receptors: An emerging family of regulatory molecules
in blood cells. Blood. 97(3):587–600, 2001.
Hughes M, Hayward CP, Warkentin TE, Horsewood P,
Chorneyko KA, Kelton JG. Morphological analysis of
microparticle generation in heparin-induced thrombocytopenia. Blood. 96(1):188–94, 2000.
Mann KG. Biochemistry and physiology of blood coagulation. Thromb Haemost. 82(2):165–74, 1999.
Roberts HR, Monroe DM, Oliver JA, Chang JY, Hoffman
M. Newer concepts of blood coagulation. Haemophilia.
4(4):331–4, 1998.
Williams E. Disseminated intravascular coagulation. In:
Loscalzo J, Schafer AI. eds. Thrombosis and Hemorrhage,
2nd ed. Baltimore, MD: Williams & Wilkins, 1998; 963–5.
Bajzar L. Thrombin activatable fibrinolysis inhibitor and an
antifibrinolytic pathway. Arterioscler Thromb Vasc Biol.
20(12):2511–8, 2000.
Von dem Borne PAK, Bajzar L, Meijers JCM, Nesheim ME,
Bouma BN. Thrombin-mediated activation of factor XI
results in a thrombin-activatable fibrinolysis inhibitor–
dependent inhibition of fibrinolysis. J Clin Invest. 99(10):
2323–7, 1997.
Loscalzo J, Weinfeld M, Fless G, Scanu AM. Lipoprotein(a), fibrin binding and plasminogen activation. Arteriosclerosis. 10(2):240–5, 1990.
Morange PE, Alessi MC, Verdier M, Casanova D, Magalon
G, Juhan–Vague I. PAI-1 produced ex vivo by human adipose tissue is relevant to PAI-1 blood level. Arterioscler
Thromb Vasc Biol. 19(5):1361–5, 1999.
Toft I, Bonaa KH, Ingebretsen OC, Nordoy A, Birkeland KI,
Jenssen T. Gender differences in the relationships between
plasma plasminogen activator inhibitor-1 activity and factors linked to the insulin resistance syndrome in essential

18

19

20
21

22

23

24

25
26

27

28
29

73

hypertension. Arterioscler Thromb Vasc Biol. 17(3):553–9,
1997.
von Depka M, Nowak–Gottl U, Eisert R, Dieterich C,
Barthels M, Scharrer I, Ganser A, Ehrenforth S. Increased
lipoprotein (a) levels as an independent risk factor for
venous thromboembolism. Blood. 96(10):3364–8, 2000.
Broze GJ Jr. The tissue factor pathway of coagulation. In:
Loscalzo J, Schafer AI. eds. Thrombosis and Hemorrhage,
2nd ed. Baltimore, MD: Williams & Wilkins, 1998; 77–104.
Rand JH. “Annexinopathies”—A new class of diseases. N
Engl J Med. 340(13):1035–6, 1999.
Bombeli T, Mueller M, Haeberli A. Anticoagulant properties
of the vascular endothelium. Thromb Haemost. 77(3):
408–23, 1997.
Simmonds RE, Lane DA. Regulation of coagulation. In:
Loscalzo J, Schafer AI. eds. Thrombosis and Hemorrhage,
2nd ed. Baltimore, MD: Williams & Wilkins, 1998:63–76.
Dahlback B. Procoagulant and anticoagulant properties of
coagulation factor V: Factor V Leiden (APC resistance)
causes hypercoagulability by dual mechanisms. J Lab Clin
Med. 133(5):415–22, 1999.
Merrill JT, Zhang HW, Shen C, Butman BT, Jeffries EP,
Lahita RG, Myones BL. Enhancement of protein S anticoagulant function by β2-glycoprotein 1, a major target antigen
of antiphospholipid antibodies: β2-glycoprotein 1 interferes
with binding of protein S to its plasma inhibitor, C4b-binding protein. Thromb Haemost. 81(5):748–57, 1999.
Greaves M. Antiphospholipid antibodies and thrombosis.
Lancet. 353(9161):1348–53, 1999.
De Stefano V, Triolo L, De Martini D, Ferrelli R, Mori R,
Leone G. Antithrombin III loss in patients with nephrotic
syndrome or receiving continuous ambulatory peritoneal
dialysis. Evidence of inactive antithrombin III in urine of
patients with nephrotic syndrome. J Lab Clin Med. 109(5):
550–5, 1987.
Esmon CT, Ding W, Yasuhiro K, Gu JM, Ferrell G, Regan
LM, Stearns–Kurosawa DJ, Kurosawa S, Mather T, Laszik
Z, Esmon NL. The protein C pathway: New insights.
Thromb Haemost. 78(1):70–4, 1997.
Rosendaal FR. High levels of factor VIII and venous thrombosis. Thromb Haemost. 83(1):1–2, 2000.
Gaffney PJ, Edgell TA, Whitton CM. The haemostatic balance—Astrup revisited. Haemostasis. 29(1):58–71, 1999.

