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Puneet, Padmam, Shabbir Moochhala, and Madhav Bhatia. Chemokines in
acute respiratory distress syndrome. Am J Physiol Lung Cell Mol Physiol 288:
L3–L15, 2005; doi:10.1152/ajplung.00405.2003.—A characteristic feature of all
inflammatory disorders is the excessive recruitment of leukocytes to the site of
inflammation. The loss of control in trafficking these cells contributes to inflam-
matory diseases. Leukocyte recruitment is a well-orchestrated process that includes
several protein families including the large cytokine subfamily of chemotactic
cytokines, the chemokines. Chemokines and their receptors are involved in the
pathogenesis of several diseases. Acute lung injury that clinically manifests as acute
respiratory distress syndrome (ARDS) is caused by an uncontrolled systemic
inflammatory response resulting from clinical events including major surgery,
trauma, multiple transfusions, severe burns, pancreatitis, and sepsis. Systemic
inflammatory response syndrome involves activation of alveolar macrophages and
sequestered neutrophils in the lung. The clinical hallmarks of ARDS are severe
hypoxemia, diffuse bilateral pulmonary infiltrates, and normal intracardiac filling
pressures. The magnitude and duration of the inflammatory process may ultimately
determine the outcome in patients with ARDS. Recent evidence shows that
activated leukocytes and chemokines play a key role in the pathogenesis of ARDS.
The expanding number of antagonists of chemokine receptors for inflammatory
disorders may hold promise for new medicines to combat ARDS.

inflammatory mediators; polymorphonuclear leukocyte; pathogenesis; antagonists

THE ACUTE RESPIRATORY DISTRESS SYNDROME (ARDS) is charac-
terized by the rapid onset of severe respiratory failure usually
followed by clinical events including major surgery, trauma,
multiple transfusions, severe burns, pancreatitis, and sepsis.
Inflammatory mediators play a key role in the pathogenesis of
ARDS (10). Clinically this condition is characterized by severe
hypoxemia, diffuse bilateral pulmonary infiltrates, dyspnea,
and decreased lung compliance. Originally referred to as trau-
matic wet lung, shock lung, or congestive atelectasis, ARDS
was recognized in 1967 when the clinical, physiological, ra-
diographic, and pathological abnormalities that were unique to
a group of 12 patients were described, distinguishing them
from other cases in a series of 272 patients treated for respi-
ratory failure (4). Before 1992, the acronym ARDS represented
adult respiratory distress syndrome. The American-European
Consensus Committee on ARDS standardized the definition in
1994 and renamed it acute rather than adult respiratory distress
syndrome because it occurs at all ages. The term acute lung
injury (ALI) was also introduced at that time. The committee
recommended that ALI be defined as “a syndrome of inflam-
mation and increased permeability that is associated with a
constellation of clinical, radiologic, and physiologic abnormal-
ities that cannot be explained by, but may coexist with, left
atrial or pulmonary capillary hypertension” (7). The distinction
between ALI and ARDS is the degree of hypoxemia (7).
ARDS is in that subset of patients at the severe end of the
spectrum of ALI.

PATHOPHYSIOLOGY OF ARDS

Several investigators have reported on the clinical predispo-
sitions for ARDS. These were divided into two categories
based on pathophysiological mechanisms either direct (pulmo-
nary) or indirect (extrapulmonary) injury (29) leading to pul-
monary inflammation. Direct injury includes those conditions
in which a toxic substance directly injures the lung epithelium
such as diffuse pulmonary infection (e.g., bacterial, viral,
fungal, pneumocystis), toxic gas/smoke inhalation, pulmonary
contusion, and aspiration of gastric contents (29, 105). Indirect
injury is a more common predisposition and occurs by means
of blood-borne systemic inflammatory processes such as sep-
sis, septic shock (10, 15, 29, 35, 80, 95, 100, 105, 109), acute
pancreatitis (1, 4, 10, 11, 17, 59, 77, 85), and other clinical
events including major surgery, trauma, multiple transfusions,
dyspnea, ischemia-reperfusion injury, and decreased lung com-
pliance (15, 84). In ARDS, the injured lung is believed to go
through three phases: exudative, proliferative, and fibrotic, but
the course of each phase and the overall disease progression are
variable. The pathological features of the lung in ARDS derive
from severe injury to the alveolocapillary unit. The morpho-
logic picture of the lung in ARDS has been labeled diffuse
alveolar damage (86) and extravasation of intravascular fluid
that dominates the onset of the disease. The exudative phase
occurs in the first week after the onset of the respiratory failure.
The histological features are dense eosinophilic hyaline mem-
branes and alveolar collapse. The endothelial cells swell, the
intercellular junctions widen, and pinocytic vesicles increase,
causing the capillary membrane to be disrupted and resulting in
capillary leak and edema formation. Type I pneumocytes also
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become swollen with cytoplasmic vacuoles, which eventually
detach from the basement membrane (25).

The proliferatory phase begins as early as the third day but
is most prominent in the second and third week after symptom
onset. Type II cells begin to proliferate and reline the denuded
basement membrane (25). Fibrosis becomes pronounced in this
phase. Fibroblasts and myofibroblasts migrate through breaks
in the alveolar membrane into the fibrinous intra-alveolar
exudate, forming a cellular granulation tissue. Sparsely cellu-
lar, dense fibrous tissue forms as collagen is deposited. Epi-
thelial cells migrate over the surface of the organizing granu-
lation tissue and transform the intra-alveolar exudate into the
interstitial tissue (106). Surfactant abnormalities are thought to
occur because of damage to type II pneumonocytes and be-
cause the alveolar flooding that occurs, destabilizing the sur-
factant monolayer in the air spaces.

The fibrotic phase can start as early as 36 h after the onset of
injury; extensive remodeling of the lung by sparsely cellular
collagenous tissue occurs by the third or fourth week of
respiratory failure (25). Air spaces are irregularly enlarged, and
there is alveolar duct fibrosis. Type III elastic collagen is
replaced by type I rigid collagen over time, leading to a stiff
lung. The extent of fibrosis correlates with mortality (69). Early
in ARDS, pulmonary vasoconstriction, thromboembolism, and
interstitial edema, all of which are potentially reversible, raise
the pulmonary artery pressure. After several weeks, fibrous
obliteration of the microcirculation and arterial musculariza-
tion contribute to irreversible pulmonary hypertension. Patients
with ARDS also are at risk of pulmonary emboli because of
immobilization and the presence of indwelling vascular cath-
eters (103).

Polymorphonuclear leukocytes (PMNs) have been recog-
nized as important contributors to the pathogenesis of ARDS.
As a result of an exaggerated systemic inflammatory response
syndrome response, leukocytes become activated within the
general circulation, and some then lodge within the pulmonary
microcirculation. As the condition develops, leukocytes mi-
grate into the pulmonary interstitium, and increased endothelial
permeability leads to tissue edema (75). The disruption of the
epithelial and endothelial barriers in the lungs is associated
with a massive increase in epithelial and endothelial perme-
ability with accumulation of high-molecular-weight proteins
that are normally excluded from the air spaces (44). This
occurs together with a marked influx of PMNs, so that PMNs
become the predominant leukocytes in the alveolar spaces.
Normally, 90% or more of the air space cells are alveolar
macrophages (AMs), �10% are lymphocytes, and only 1–2%
are PMNs. In patients with ARDS, up to 90% air space cells
are PMNs. When ARDS is sustained, PMNs persist in the air
spaces, and the number of macrophages is reduced. When
ARDS is resolved, the number of macrophages increases, but
lymphocyte accumulation seldom occurs (98, 116). Surfactant
abnormalities occur due to the damage of type II pneumocytes,
and alveolar flooding that occurs destabilizes the surfactant
monolayer in the air spaces. This dysfunction promotes alve-
olar collapse and worsens gas-exchange abnormalities (64).

It is now widely accepted that the formation of inflammatory
mediators plays an important role in the pathophysiology of
inflammation in ARDS. These mediators include tumor necro-
sis factor (TNF)-�; interleukin (IL)-1, -4, -6, -8, -10, and -13;

substance P; platelet activating factor (PAF); complement
component (C5a); adhesion molecules (e.g., vascular adhesion
molecule-1, intercellular adhesion molecule-1); E- and P-se-
lectins; L-selectin; and vasoactive mediators (e.g., nitric ox-
ide). The transcription factor NF-�B plays a central role in the
regulation of many genes responsible for the generation of
mediators in inflammation. Investigations into the interactions
between various cell populations have led to the concept of
cytokine networking with chemokines playing a central role.
One population of cells may respond directly to specific stimuli
by the elaboration of a particular mediator to exert distinct
effects upon another population of cells. The targets respond
by producing chemokines, which may serve as feedback sig-
nals to initiate a cascade of events by activating and recruiting
yet another array of target cells. The salient feature of inflam-
mation is association of leukocyte infiltration with ALI. The
maintenance of leukocyte recruitment during inflammation
requires intercellular communication between infiltrating leu-
kocytes and the endothelium, resident stromal and parenchy-
mal cells.

These events are mediated via the generation of early-
response cytokines, the expression of cell surface adhesion
molecules, and the production of chemotactic molecules, che-
mokines (53), which are a specific class of inflammatory
mediators that play a key role in the pathogenesis of ARDS
(Fig. 1).

CHEMOKINES

Chemokines are a family of mostly small (7–10 kDa),
secreted proteins that function in leukocyte trafficking, recruit-
ing, and recirculation and are characteristically basic heparin-
binding proteins. They are distinguished from other cytokines
by being the only members of the cytokine family that act on
the superfamily of G protein-coupled serpentine receptors.
Although chemokines have a relatively low level of sequence
identity, their three-dimensional structure shows a remarkable
homology in that they all have the same monomeric fold. This
fold, consisting of three �-strands,(�1, �2, and �3), a carboxy
(C) terminal helix and a flexible amino (N) terminal region, is
conferred to these proteins by a four-cysteine motif that forms
two characteristic disulphide bridges. The �-helix folds across
one face of the �-sheet. The �1-strand forms a single turn of
310, located near the NH2-terminal end of �1-strand, and the
N-loop stretches across the �-sheet so that the NH2-terminal
region is located adjacent to the �3-strand and the �1-�2-loop.
The �2- and �3-strands are linked by an ordered hydrogen-
bonded turn, the �2-�3-turn (5, 93) (Fig. 2).

Chemokine production can be broadly classified into the
constitutively secreted and inducible. Secreted are homeostatic
chemokines directing basal leukocyte trafficking and the orga-
nization of the lymphoid tissue. Stromal cell-derived factor
(SDF)-1 and macrophage-derived chemokine (MDC) appear to
be produced constitutively (developmentally regulated) and
play a role in the basal trafficking of leukocytes. Induced are
inflammatory chemokines responsible for the recruitment of
leukocytes effector populations to the site of an immune
reaction (12, 73). However, most chemokines are produced in
response to a variety of inflammatory stimuli, including the
early-response cytokines, TNF, IL-1, C5a, leukotriene B4
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