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Inflammation is a localized protective reaction of tis-
sue to irritation, injury, or infection that serves as a
protective response to provide host surveillance and
destroy or quarantine both harmful agents and dam-
aged tissue (1–4). We survive as a species because of
our ability to generate inflammatory responses. In-
flammation represents complex humoral and cellular
interactions that generate or express thrombin, com-
plement, cytokines, neutrophils, adhesion molecules,
and multiple inflammatory mediators (5,6). However,
inflammatory responses can be exaggerated out of
proportion to the original insult and produce injury in
the host including bleeding, respiratory failure, myo-
cardial dysfunction, renal insufficiency, and neuro-
cognitive defects (7). Besides multiorgan system dys-
function, inflammatory responses also accompany the
development of pain, and inflammatory mediators
may also play an important role in the treatment of
pain (8). In cardiac surgery, inflammatory responses
have been referred to as a systemic inflammatory re-
sponse syndrome (SIRS) similar to sepsis, and the
rationale for off-pump coronary artery bypass grafting
(OPCAB) is to avoid the inflammatory effects of car-
diopulmonary bypass (CPB) (9,10). This review will
focus on understanding the clinical relevance of in-
flammation, reviewing mechanisms involved in in-
ducing responses, and the protein and cellular medi-
ators involved. Novel aspects of inflammation and
potential therapeutic approaches to prevention in sur-
gical patients will be reviewed.

Hemostasis and Inflammation
Hemostasis and inflammation are closely linked via a
network of both humoral and cellular components
including proteases of the clotting and fibrinolytic
cascades (especially tissue factor) (4,11–12). Various
clinical conditions may cause systemic activation of
coagulation, the most severe of which is disseminated
intravascular coagulation (DIC). DIC is a widespread
systemic activation of coagulation, resulting in diffuse
fibrin deposition in small and midsize vessels, produc-
ing microvascular dysfunction and contributing to or-
gan failure. In DIC, platelets and coagulation factors

are depleted. Conditions that may lead to DIC peri-
operatively include sepsis, eclampsia, trauma, and
CPB. Hemostatic activation by thrombin generation
contributes to inflammatory processes because of
cross-talk between inflammation and coagulation,
during which thrombin and other peptides activate
the coagulation system and inflammation.

Inflammation-induced hemostatic activation can oc-
cur by means of tissue factor (TF) because TF is ex-
pressed on cytokine-activated mononuclear cells, and
also after vascular injury (13,14). Coagulation compo-
nents and their products, including thrombin and fac-
tor Xa, have proinflammatory effects. Thrombin also
has direct chemoattractant activity for neutrophils,
monocytes, and is a potent activator of mast cells
(15–17). Vascular endothelial cells perform a pivotal
role in mediating responses to systemic inflammation
and the cross-talk between coagulation and inflamma-
tion (18,19). Endothelial cells respond to the cytokines
expressed and released by activated leukocytes but
can also release cytokines themselves (20–22). Neutro-
phils and inflammatory mediators are also important
in pain and analgesia (22).

Thrombin can induce various cellular responses in-
volved in inflammation and is also a potent activator
of endothelial cells, causing neutrophil adherence, ac-
tivation, and subsequent (neutrophil-mediated) dam-
age to the endothelium (21–23). Thrombin receptor
activation on leukocytes increases the release of che-
motactic and inflammatory cytokines (21–25). Throm-
bin also directly activates protease-activated receptors
(PARs). PARs are G-protein-coupled receptors that
use a novel mechanism of extracellular proteolytic
cleavage that is translated into a transmembrane sig-
nal. Thus, thrombin activation by tissue injury in sur-
gical patients can alter the local balance between acti-
vation and inhibition of the coagulation cascade and
promote thrombin generation at sites of injury
(26–32).

Pain as an Inflammatory Response
When tissue is injured after surgery or trauma or
invaded by leukocytes in inflammation, numerous
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mediators are delivered into the circulation and/or
liberated from local or extravasated inflammatory
cells at the site. Proalgesic mediators include proin-
flammatory cytokines, chemokines, nerve growth
factor, and prostaglandins, produced by invading
leukocytes or by local cells (22). Analgesic media-
tors, which counteract pain, are also produced in
inflamed tissues (22). These include antiinflamma-
tory cytokines and opioid peptides. Interactions be-
tween leukocyte-derived opioid peptides and opi-
oid receptors can lead to potent, clinically relevant
inhibition of pain (analgesia) (22). Opioid receptors
are present on peripheral endings of sensory neu-
rons. Opioid peptides are synthesized in circulating
leukocytes, which migrate to inflamed tissues di-
rected by chemokines and adhesion molecules. Un-
der stressful conditions or in response to releasing
agents (e.g., corticotropin-releasing factor, cyto-
kines, norepinephrine), leukocytes can secrete opi-
oids (22). They activate peripheral opioid receptors
and produce analgesia by inhibiting the excitability
of sensory nerves and/or the release of excitatory
neuropeptides (22).

Inflammation Associated with Ischemia
Reperfusion Injury
After interruption of blood flow in an organ, ischemia-
reperfusion (I/R) injury can occur with manifestations
that range from reversible postischemic organ dys-
function to permanent tissue damage including myo-
cyte necrosis (33–35). I/R injury is associated with an
acute inflammatory response that is mediated by cy-
tokines, chemokines, and adhesion molecules that re-
cruit neutrophils, monocytes, and other inflammatory
cells that lead to damage of ischemic myocardium. TF
and thrombin generation activation can occur after
I/R injury and may be independent of fibrin deposi-
tion (35). Thrombin can contribute to local inflamma-
tion and tissue damage by activation of a family of
PAR receptors (36,37) that stimulate cells to express
cytokines, such as interleukin (IL)-1, and IL-6; chemo-
kines, such as IL-8 and monocyte chemotactic
protein-1 (MCP-1); and adhesion molecules (e.g.,
P-selectin, E-selectin, and ICAM-1) (21–22,36–38).

Inflammatory Cells
Neutrophils represent important inflammatory cells
but other cells including mast cells and basophils are
also involved in acute inflammation and may also be
involved in inflammatory responses in surgical pa-
tients. Mast cells are tissue-fixed inflammatory cells
that are distributed in the heart, lung, and skin. When
activated, mast cells release multiple mediators that

affect vascular endothelial cells, inflammatory cells,
and vascular smooth muscle (39). Mast cells have been
suggested to play important roles in a series of inflam-
matory disorders, including anaphylaxis. Mast cells
therefore may play a pivotal role in linking coagula-
tion and inflammation (10–20). Different agents can
degranulate mast cells by multiple complex pathways
that may not be different from pathologic activation
by immunoglobulin (Ig)E (40–42). Both mast cells and
basophils contain stored inflammatory mediators in-
cluding histamine and other chemical mediators asso-
ciated in anaphylaxis and other inflammatory pro-
cesses (1); they also constitutively express plasma
membrane receptors that bind with IgE antibodies
(43–46).

Disseminated Intravascular Coagulation
Multiple mechanisms can produce DIC, as previously
discussed in surgical patients including sepsis,
eclampsia, tissue injury, and CPB. Inflammatory
changes during CPB are similar to the pathophysio-
logic changes occurring in sepsis or systemic inflam-
matory response syndrome (SIRS) (47–48). DIC can
also occur after cardiopulmonary bypass. In DIC,
overactivation of thrombin and/or clotting leads to
bleeding complications resulting from depletion of
coagulation proteins, platelets, and endothelial dys-
function to produce microvascular dysfunction and a
thrombotic state. DIC is characterized by decreased
platelet counts, low fibrinogen, elevated prothrombin
time (PT), and partial thromboplastin time (PTT), and
elevated d-dimer levels, changes that can also occur in
the pharmacologically naı̈ve patient who undergoes
CPB (49,50). Acquired antithrombin III (ATIII) defi-
ciency in the perioperative cardiac surgical period
may be related to the preoperative use of heparin, the
effects of hemodilution, and/or CPB-related con-
sumption. ATIII levels as low as 40%–50% activity,
which are similar to levels observed with heterozy-
gous hereditary deficiency, are commonly seen during
CPB (51,52). Because the data in DIC suggests ATIII
may play a major role in reducing inflammation
and/or end-organ dysfunction, we have further ex-
panded this consideration to cardiac surgical patients
and are investigating whether ATIII represents an im-
portant therapeutic intervention that may alone, or in
conjunction with other therapies, further reduce the
inflammatory sequelae (53,54).

Complement/Neutrophil Activation
Neutrophil activation can occur after complement ac-
tivation by immunologic (antibody mediated: IgM,
IgG-antigen activation) or nonimmunologic (heparin-
protamine, endotoxin) pathways (1). C5a interacts
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with specific high-affinity receptors on white blood
cells and platelets, initiating leukocyte chemotaxis, ag-
gregation, and activation. Investigators have impli-
cated neutrophil activation in producing the clinical
manifestations of transfusion reactions, pulmonary
vasoconstriction after protamine reactions, and
transfusion-related acute lung injury (TRALI) (1).
New anticomplement strategies using a monoclonal
antibody (Pexelizumab) against C5a represent a prom-
ising modality of antiinflammatory therapy (55).

Therapeutic Approaches to the
Inflammatory Response
Therapeutic strategies can be directed at modulating
multiple aspects of the inflammatory response, includ-
ing coagulation, contact activation, cytokines, neutro-
phils, intracellular molecular targets, and surface protein
strategies (e.g., adhesion molecules) (56–60). Aprotinin
is a serine protease inhibitor derived from bovine lung
that inhibits trypsin, chymotrypsin, plasmin, tissue plas-
minogen activator, and kallikrein. The precise mecha-
nism of action of aprotinin in reducing blood loss and
transfusion requirement is not clear, but there appears to
be a dose dependency in its antiinflammatory effects.
Reduction of allogeneic blood transfusions are also im-
portant as part of antiinflammatory strategies, and apro-
tinin has been shown to consistently reduce bleeding
and the need for transfusions. Although corticosteroids
have been studied as antiinflammatory agents, con-
trolled, placebo-controlled studies have not demon-
strated efficacy in cardiac surgical patients, although
they are indicated in patients with asthma and reactive
airway disease. Aprotinin has a different mechanism of
action and may attenuate other aspects of the inflamma-
tory response to CPB, including inhibiting neutrophil
adhesion and activation. Aprotinin has been demon-
strated to be highly effective in reducing bleeding and
transfusion requirements in high-risk patients undergo-
ing repeat median sternotomy or in patients who are
taking aspirin. Results from multicenter studies of apro-
tinin show there is no greater risk of early graft throm-
bosis, myocardial infarction (MI), or renal failure in
aprotinin-treated patients (59–61). From the study of
aprotinin in repeat coronary artery surgery, the inci-
dence of stroke was significantly lower in aprotinin-
treated patients (59). Aprotinin also selectively blocks the
proteolytically activated thrombin receptor on platelets,
the protease-activated receptor 1 (PAR1) (61,62). Aproti-
nin also appears to affect novel antiinflammatory targets.
Aprotinin has been shown to exert an antiinflammatory
effect by preventing the capacity of leukocytes to trans-
migrate through vascular endothelium (63,64).

Other novel strategies in current development in-
clude complement inhibition. Myocardial injury and
dysfunction in acute infarction and during cardiac

surgery with CPB produces undesirable inflammatory
responses in which the complement cascade plays a
major role. Pexelizumab is a humanized, monoclonal,
single-chain antibody fragment that inhibits C5 by
blocking its cleavage into active forms. Prospective,
randomized, double-blind, placebo-controlled trials
using pexelizumab during percutaneous coronary in-
tervention after acute myocardial infarction (AMI), or
in patients undergoing coronary artery bypass graft
(CABG) with CPB, have demonstrated a reduction in
morbidity and mortality. Thus, pexelizumab represents
a promising therapeutic option with sustained benefit
both in AMI and during CABG with CPB (55,64).

The Future
Inflammation is increasingly being recognized as an
important cause of perioperative morbidity and mor-
tality with wide-ranging manifestations. Coagulation
and inflammation are closely linked via a network of
both humoral and cellular components including pro-
teases of the clotting and fibrinolytic cascades. The
challenge for the future will be to identify a pharma-
cologic agent or other technique that will decrease
inflammatory injury, coagulation, and eventually im-
prove patients’ outcomes. Future research will be di-
rected at finding the unique pharmacologic and/or
biologic agents or combinations that may effectively
attenuate these pathological responses.
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