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Abstract Hemorrhagic shock (HS)
results in the initiation of an inflam-
matory cascade that is critical for
survival following successful resus-
citation. We identified a complex se-
quence of molecular events includ-
ing shock-dependent and reperfu-
sion-dependent responses that offer a
new comprehensive approach for
consequences of HS. Shock-depen-
dent initializing mechanisms include
the induction of inducible nitric
oxide synthase (iNOS), cyclooxyge-
nase (COX)-2, and CD14 and play a
catalyzing role for subsequent phe-
notypic changes following resuscita-
tion. The early immediate response
genes iNOS and COX-2 promote the
inflammatory response by the rapid
and excessive production of nitric
oxide (NO) and prostaglandins. The
transcription factor hypoxia-induc-
ible factor-1 (HIF-1) may regulate
the induction of iNOS during the

ischemic phase of shock. NO is an
important signaling molecule which
is involved in redox-sensitive mech-
anisms including the downstream ac-
tivation of nuclear factor (NF)-κB.
NO-dependent NF-κB activation
promotes the induction of inflamma-
tory cytokine expression during the
reperfusion phase. Peroxynitrite-me-
diated direct toxicity and NO-medi-
ated inflammatory toxicity contrib-
ute to organ injury. Patients suffering
consequences of severe HS are sus-
ceptible to systemic inflammation,
organ injury, and mortality if physio-
logic and therapeutic mechanisms
are ineffective in limiting the activa-
tion of the inflammatory cascade.
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Introduction

Hemorrhagic shock (HS) initiates an inflammatory re-
sponse that contributes to organ injury and early multi
organ failure. The focus of this review was to delineate
molecular mechanisms in the early phase of HS that pro-
mote the inflammatory response. HS can be character-
ized by two early phases: the shock phase followed by
the post-resuscitation phase. We examined initiating
mechanisms with the goal of identifying shock- and re-
perfusion-dependent responses [1]. The inflammatory re-
sponse is defined by the upregulation of inflammatory
cytokines [2], leukocyte adhesion molecules, and infil-

tration of neutrophils into tissues [3]. These changes oc-
cur in organs such as the lungs, the liver, and the gut and
are likely to contribute to end organ damage and resul-
tant dysfunction following resuscitation from shock. Our
understanding of the mechanisms by which hemorrhage
triggers this inflammatory response are evolving gradu-
ally. Heightened adrenergic activity [4], tissue hypoxia,
and systemic release of pro-inflammatory agents from
the gut [5, 6] have been hypothesized to contribute to the
activation of inflammatory pathways and to acute organ
injury following hemorrhage. In addition, reactive radi-
cals are produced and have been implicated in a number
of signal transduction pathways [7].
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The mechanisms leading to increased COX-2 expres-
sion in HS have not been identified. The promoter region
of COX-2 contains NF-κB binding elements. The activa-
tion of NF-κB occurs during HS [1] and has been shown
to play a regulatory role in the induction of cytokines.
Reduced NF-κB activation was accompanied by reduced
cytokine expression of interleukin (IL)-6 and granulo-
cyte colony-stimulating factor (G-CSF). Thus, increased
NF-κB binding activity during HS may promote the in-
duction of COX-2 expression.

Another potential stimulus for the inflammatory re-
sponse in HS is the release and recognition of gut-
derived products. Several studies have implicated endo-
toxin or gut-derived products in cytokine upregulation.
Clinical studies have failed to identify endotoxin or bac-
terial translocation in human trauma victims [6]. How-
ever, recent evidence points to the lymphatics as an im-
portant route for gut-derived products [16]. Endotoxin
recognition occurs primarily through interaction of the
lipopolysaccharide (LPS) LPS/LPS binding protein
(LBP) complex with endotoxin-sensitive receptors. The
expression of CD14 and Trl4 surface receptors are two
key components for LPS recognition and mononuclear
cell activation. We found that CD14 was upregulated
during the ischemic phase of shock and that CD14 ex-
pression correlated with the severity of shock. In endo-
toxin-resistant (HeJ) and endotoxin-sensitive (HeN) mice
as well as CD14-deficient (CD14 KO) or CD14-compe-
tent (CD14 WT) mice, the circulatory regulation and sur-
vival as well as upregulation of CD14 mRNA expression
following HS was independent of the capacity to respond
to LPS. Increased LBP mRNA expression was indepen-
dent of Tlr4-mediated LPS recognition. IL-6, tumor ne-
crosis factor (TNF)α, and intercellular adhesion mole-
cule (ICAM-1) as markers of inflammation were in-
creased in CD14-deficient and CD14-competent mice in
HS. These results suggest that early upregulation of
cytokines may be independent of the LPS recognition
system CD14/ Tlr4 receptor expression (T.R. Billiar,
unpublished observations).

The activation of inflammatory cascades following
HS is a complex systemic response. However, the accu-
mulated evidence strongly suggests that important
changes begin during shock alone and do not require
resuscitation.

Reperfusion-dependent events: IL-6, G-CSF, 
PMN infiltration

Resuscitation results in reperfusion of ischemic tissues.
Reperfusion occurs in the setting of changes in gene ex-
pression during shock. Furthermore, with resuscitation, a
number of reperfusion-dependent changes take place. We
examined the importance of the reperfusion phase for the
upregulation of proinflammatory cytokines and tran-
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Shock-dependent events: iNOS, COX-2, CD14, HIF-1

Inflammatory signaling pathways are activated very early
following the induction of shock. In a recent study, we
have shown that Jun kinase (JNK) is activated in the liver
within 30 min of the initiation of shock [8]. This is fol-
lowed by early upregulation of inflammatory response
genes during the shock or ischemic phase and these
genes participate in subsequent phenotypic changes that
follow resuscitation. We have demonstrated the upregu-
lation of three genes iNOS, cyclooxygenase (COX)-2,
and CD14 during shock. We have recently identified a
clear role for inducible nitric oxide synthase (iNOS) in
the upregulation of the inflammatory response following
resuscitation [1]. As early as 30 min, iNOS mRNA can
be seen in the liver and protein is evident in hepatocytes
shortly thereafter. Studies using isolated liver cells have
shown that iNOS expression is regulated at the level of
transcription as well as mRNA stability [9].

Induction of iNOS in HS may involve the activation of
the hypoxia-inducible factor-1 (HIF-1). The transcription-
al factor HIF-1 was discovered in hepatocytes subjected to
hypoxia while studying the oxygen-dependent regulation
of erythropoietin [10]. HIF-1 consists of an α/β hetero-
dimer and is widely expressed in hypoxic tissues [11].
HIF-1 binding sites were found in a number of genes in-
cluding erythropoietin (EPO), vascular endothelial growth
factor (VEGF), heme oxygenase (HO-1) and iNOS, as
well as glycolytic enzymes [12]. HIF-1 controls the cellu-
lar adaptation to hypoxia including erythropoiesis, angio-
genesis, vasodilatation and anerobic metabolism.

The promoter region of iNOS contains a HIF-1 bind-
ing element [12]. Increased binding to the HIF-1 binding
element may promote iNOS gene expression. HIF-1 acti-
vation occurred in an in vivo model of HS demonstrating
HIF-1 activation in the lungs of rats subjected to isch-
emia [13]. We therefore propose a novel mechanism of
HIF-1-dependent iNOS induction during ischemia in our
rat model of HS [14]. Although HIF-1 is a key regulator
of hypoxic gene expression, additional transcriptional
factors including activator protein (AP)-1, nuclear factor
(NF)-κB and p53 modulate the systemic response to
hypoxia [12].

The release of prostaglandins is part of the inflamma-
tory response and may mediate tissue inflammation and
damage. COX-2 is the inducible enzyme that is capable
of producing large amounts of prostaglandins. In previ-
ous reports, COX-2 upregulation occurred in conditions
of redox stress, such as focal cerebral ischemia and re-
perfusion [15], and hypoxia. The expression of COX-2
increased in the lungs of animals subjected to compen-
sated (1 h), decompensated (2.5 h), and irreversible
(3.5 h) ischemic shock relative to sham control animals.
Upregulation of COX-2 mRNA expression was depen-
dent on the severity of shock but independent of the re-
perfusion phase [13].
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scription factors [17, 18]. We focused on cytokines such
as IL-6 and G-CSF that are chemotactic for polymorpho-
nuclear neutrophilic granulocytes (PMN) and contribute
to PMN infiltration into tissues, a hallmark of the in-
flammatory response [3]. Activation of PMN leads to en-
hanced adhesiveness of PMN to endothelium associated
with release of reactive oxygen intermediates (ROIs),
and degranulation with protease release [19]. In a rodent
model of unresuscitated and resuscitated HS, IL-6 and
G-CSF were locally produced in the lungs. Shock and re-
suscitation were required to increase cytokine levels
above those of sham control animals. Cytokine expres-
sion was dependent on the duration of the ischemic
phase of resuscitated shock and was accompanied by
signs of acute lung injury characterized by PMN infiltra-
tion, pulmonary capillary leakage, and hypoxia. These
results suggest that increased IL-6 and G-CSF expres-
sion may contribute to increased lung damage and hyp-
oxia observed in resuscitated HS.

Local production of G-CSF may affect tissue accumu-
lation of PMN through its demonstrated ability to en-
hance PMN adhesion to endothelium via a mechanism
involving integrin affinity conversion, as well as through
its ability to enhance PMN chemotaxis and chemokinesis
[20]. IL-6 is part of the acute inflammatory response,
stimulates neutrophilia, and induces the synthesis of
acute phase proteins [21]. IL-6 contributes to tissue re-
cruitment of PMN by induction of chemokines [22]. The
promoter region of IP-10, a member of the C-X-C sub-
group of chemokines contains an interferon (IFN)-stimu-
lated response element (ISRE) capable of binding STAT
proteins [23]. IL-6 activated Stat3 may contribute to lo-
cal chemokine production through transcriptional activa-
tion of chemokine genes.

The pathogenesis of acute respiratory distress syn-
drome (ARDS) includes diffuse alveolar-capillary injury.
Activated neutrophils have been implicated in the patho-
genesis of microvascular injury [24]. Intratracheal instil-
lation of IL-6 or G-CSF protein into the lungs of normal
rats caused PMN infiltration, pulmonary edema, and lung
damage. These results indicate that the presence of IL-6
or G-CSF alone can induce lung injury. A recent study
using IL-6 KO mice demonstrated that IL-6 was essential
for the early recruitment of PMN into the lungs and liver
[25]. The reduction of PMN accumulation was associated
with less pulmonary edema following resuscitation from
shock. Thus, increased IL-6 and G-CSF production in the
lungs of patients suffering from hemorrhagic shock may
be an additional mechanism that contributes to PMN-
induced lung injury and possibly ARDS.

Activation of STAT proteins

Signal transducers and activators of transcription (STAT)
proteins are intracellular transcription factors that are

activated following receptor binding of cytokines. Stat3
was the isoform predominantly activated in resuscitated
HS. The activation of Stat3 is linked to cytokine activa-
tion pathways and IL-6 and G-CSF are among the fac-
tors capable of stimulating Stat3 [26]. The activation of
Stat3 exhibited the same pattern as G-CSF and IL-6 ex-
pression in HS [27]. Stat3 activation occurred in resusci-
tated HS and was dependent on the severity of shock
suggesting that the activation of this intracellular signal-
ing cascade is dependent on the production of cytokines
and requires both shock and resuscitation.

The activation of Stat3 in HS may be used as a new
sensitive parameter for tissue inflammation. Stat3 may
activate genes important for regulating differentiation of
PMN [28] and the expression of the FcγRI receptors on
PMN. STAT proteins also mediate INFγ and TNFα-in-
duced expression of gene products such as interferon
regulatory factor (IRF)-1, ICAM-1, Mig and RANTES
during inflammation [29].

Gut response to HS

Shock-induced gut injury and loss of gut barrier function
contribute to the systemic inflammatory response. The
gut is considered to become a cytokine-generating organ
in HS. The release of gut-derived cytokines contributes
to systemic increases in circulating cytokines. HS results
in the activation of a dense network of resident macro-
phages in the muscularis externa and mucosa [30]. These
resident cells may be the source of early local cytokine
production. The activation of NF-κB and Stat3 has been
demonstrated in muscularis and mucosa layer of the gut
in resuscitated HS. Since Stat3 activation is known to ac-
tivate ICAM-1 gene expression [31], this upregulation of
Stat3 activity could contribute to increased ICAM-1 ex-
pression and consequently to PMN recruitment in HS.

Recovery from hemorrhagic shock is associated with
decreased gut motility leading to postinjury atony and
functional ileus. HS has been shown to result in reduced
spontaneous contractility of the circular muscle layer
[30]. In a recent study, animals subjected to shock and
resuscitation demonstrated a decrease in slow-wave am-
plitudes [30]. In addition to alteration in spontaneous ac-
tivity, bethanechol-stimulated contractile activity was
significantly depressed and correlated with the rapid on-
set of cytokine induction and PMN infiltration into the
intestinal muscularis. This inflammatory response in-
cluding PMN extravasation contributed to altered mus-
cularis function. A leukocyte-mediated suppression of
contractile function has also been demonstrated in a rat
model of small-bowel transplantation, in surgical ma-
nipulation, and sepsis-induced ileus [32]. Possible mech-
anisms of PMN-mediated smooth muscle dysfunction in-
clude inhibition of Na/K ATPase, Ca-stimulated ATPase,
and myofibril ATPase [32]. The early upregulation of
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iNOS and IL-6 also appear to contribute to muscular
dysfunction.

Recent studies have shown that mesenteric lymph
generated following HS is toxic to endothelial cells and
results in cell injury, increased endothelial cell perme-
ability, and activation of neutrophils [33]. In addition,
gut-derived factors carried in the lymph following shock
contribute to lung injury. These studies demonstrated
that interruption of lymphatic flow prevented the onset
of hemorrhagic shock-induced lung injury [16].

HS reduces intestinal perfusion and the resulting tis-
sue hypoxia causes permeability changes in the mucosal
lining leading to intestinal barrier dysfunction [34]. The
loss of gut barrier function contributes to development of
systemic inflammation and distant organ failure. Recent
studies indicated that elevated NO levels are critically
involved in both shock and endotoxin-induced gut injury
and demonstrated an important role for iNOS in the reg-
ulation of bacterial translocation and intestinal barrier
function [35]. iNOS KO mice were protected against
both endotoxin- and intestinal ischemia–reperfusion-
induced bacterial translocation and mucosal injury [36].
Increase in endotoxin- and shock-induced mucosal per-
meability is dependent on elevated NOS activity. The
mechanisms of iNOS dependent increase in gut perme-
ability are not completely understood but include a per-
oxynitrite-mediated direct cytotoxic effect on epithelial
cells that is NO dependent.

In summary, hemorrhagic shock initiates the rapid lo-
cal production and action of inflammatory cytokines
within resident cells of the muscularis externa and muco-
sa. The inflammatory response within the muscularis
was also characterized by a cellular component that in-
cludes PMN infiltration. The resulting motility changes
may promote delayed infection. More importantly, the
gut seems to be an important source of inflammatory
products that enter the systemic circulation via the lym-
phatics. We demonstrated that the complex sequence of
events initiated by HS resulted in a significant inhibition
in circular smooth muscle contractile activity.

More on the roles of NO and iNOS in HS
The production and generation of reactive radicals play
an important role in promoting the inflammatory re-
sponse. Among the radicals produced during hemorrhag-
ic shock is the bio-regulatory molecule NO. NO is gener-
ated catalytically in tissues by one of three enzymes col-
lectively termed NOSs. The inflammatory or inducible
NOS (iNOS or NOS2) is upregulated in organ systems
such as the lungs, liver, and gut during shock and re-
mains elevated following resuscitation [37, 38]. This iso-
form is capable of catalyzing the sustained production of
NO. NO can have both direct effects on cell signaling as
well as indirect effects mediated by reaction products
with oxygen or superoxide [39].

Studies using the selective iNOS inhibitor L-N6-(imi-
noethyl)-L-lysine (L-NIL) or iNOS KO mice demon-
strated that iNOS contributes to the expression of cyto-
kines in the lung and liver following resuscitation from
hemorrhagic shock. The iNOS-dependent increase in cy-
tokine mRNA levels was associated with iNOS-depen-
dent increase in NF-κB and Stat3 activation in these tis-
sues. An association between the upregulation of these
proinflammatory events by NO and organ injury was
shown by experiments demonstrating reduced PMN
accumulation and edema formation in the lungs, and
reduced plasma levels of liver enzymes with iNOS sup-
pression. These data suggest that induction of NO syn-
thesis is a key event in the subsequent activation of
inflammatory cascades following resuscitation.

The current data support the idea that NO can in-
crease cytokine expression through the activation of NF-
κB, and that the activation of Stat3 may be the result of
local cytokine expression [1]. NO-mediated signaling
events that are initiated in early phases of resuscitation
result in rapid activation of inflammatory cascades.

NO is an important signaling molecule that signals
through a cGMP-dependent pathway [40] or through di-
rect protein modification, such as S-nitrosylation of pro-
teins containing cysteine residues [41]. NO-mediated
signaling in HS is characterized by the associated redox
stress. Reduction in antioxidant defense, increased NO
production, and formation of peroxynitrite (ONOO–) can
activate redox-sensitive signaling pathways. Under con-
ditions of redox stress, such as HS, NO has been shown
to activate p21ras through S-nitrosylation resulting in
downstream activation of NF-κB. Thus, NO-mediated
activation of NF-κB may be a potential mechanism for
redox-dependent signaling in HS [7, 42].

NO may mediate vascular decompensation associated
with prolonged hemorrhagic shock. Inhibiting NO may
improve vascular tone and increase blood flow to vital
tissues [38]. Alternatively, the iNOS expression pattern
is consistent with the possibility that iNOS may contrib-
ute to the progressive vascular dysfunction seen with
sustained shock [37]. Evidence presented by Szabo and
coworkers suggest that ONOO– is formed. ONOO– in
turn may activate poly (ADP-ribose) synthase (PARS),
leading to energy failure in vascular tissues.

HS results in increased production of free radicals and
impairs antioxidant defense mechanisms. Excessive
amounts of oxygen radicals such as superoxide are pro-
duced during the resuscitation phase by xanthine oxidase
and reduced nicotinamide adenine dinucleotide phos-
phate (NADPH) oxidase. The enzymatic and non-enzy-
matic antioxidant capacity is suppressed as indicated by
reduced levels of superoxide dismutase, catalase, and
glutathione peroxidase [39] as well as reduced levels of
vitamin E, ascorbic acid, and α-tocopherol. Reduced
antioxidant defense renders cells and tissues more sus-
ceptible to oxidant-mediated injury [9].



Therapeutic approaches

Nonspecific NOS inhibition increased organ injury in
hemorrhagic shock [43] while selective iNOS inhibition
suppressed inflammation and decreased organ injury. At
present, the results indicate that basal levels of NO pro-
duced by endothelial constitutive (ec)NOS are organ
protective but that increased quantities of NO generated
by iNOS cause injury. Several studies have used the
strategy of scavenging free radicals by administration of
antioxidants during resuscitation. These studies have
shown reduced organ injury and improved survival. Ad-
dition of scavengers to standard resuscitation fluids may
be beneficial in removing increased amounts of free oxy-
gen radicals during the resuscitation phase [9].

Approaches to remove NO in hemorrhagic shock
could have therapeutic benefit. Patients suffering severe
or sustained hemorrhagic shock following trauma or due
to other causes of bleeding (e.g. ruptured aortic aneu-
rysm) can develop organ injury and dysfunction. Inhibi-
tors of the NO synthase such as L-NIL are likely to be
beneficial if they are highly selective for iNOS and pre-
serve ecNOS activity. It is unclear at this time whether
selective iNOS inhibition with L-NIL could also lead to
unwanted consequences.

As an alternative approach, NO scavengers may pre-
serve adequate levels of NO required to maintain perfu-
sion while removing excess NO. We have shown that the
NO scavenger, NOX-100, prevents inflammatory signal-
ing in resuscitated HS and limits early organ injury [44].
NOX is a dithiocarbamate that is water soluble and that
readily binds NO [45]. In addition, NOX has a short
half-life of 15 min. Due to the short half-life of NOX, re-
moval of excessive amounts of NO can be controlled and
limited to the initial period of NO activity that is critical
for the initiation of the inflammatory response.

In conclusion, we have demonstrated that induced NO
contributes to the inflammatory response and organ inju-
ry following resuscitation from hemorrhagic shock and
that the NO scavenger NOX may offer a new therapeutic
approach to block self-amplifying circles of inflamma-
tion and to suppress NO-mediated toxicity in the early
phases of shock.

Late mechanisms in HS

Recovery from HS is complicated by increased inci-
dence of infection and multi-organ dysfunction syn-
drome (MODS). The immune response in HS includes
the state of acute inflammation and, possibly, the devel-
opment of immune hypo-responsiveness and dysfunc-
tion. Immune dysfunction is characterized by impaired
major histocompatibility class II (MHC class II) antigen
presentation by macrophages including reduced MHC
class-II molecule expression, and antigenic processing,
and may be followed by the release of anti-inflammatory
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mediators such as IL-10, IL-4, and transforming growth
factor beta (TGFβ). These mechanisms occur in later
phases of HS. The reader is referred to a specialized re-
view [46].

Summary

We have identified a complex sequence of molecular
events that offers a paradigm for understanding the unto-
ward events associated with HS. We propose that the
rapid activation of signaling pathways during shock
leads to early phenotypic changes. These changes in-
clude the rapid upregulation of key genes that in turn up-
regulate inflammatory mechanisms at the time of resus-
citation. iNOS appears to be an important gene in this re-
sponse and represents a viable therapeutic target (Fig. 1).

Undoubtedly, may other events yet to be fully defined
take place in both shock and following resuscitation. Ac-
cepting the paradigm of the two phases of early inflam-
matory signaling in HS permits a rational approach to
study the molecular events leading to organ damage and
dysfunction.

Fig. 1 Sequence of molecular events in the early phase of hemor-
rhagic shock. Shock-dependent initializing mechanisms include
the induction of iNOS, COX-2, and CD14. The early immediate
response genes iNOS and COX-2 promote the inflammatory re-
sponse by the rapid and excessive production of NO and prostag-
landins. The transcription factor HIF-1 may regulate the induction
of iNOS during the shock phase. NO-dependent NF-κB activation
modulates inflammatory cytokine expression during the reperfu-
sion phase. Activated PMN are important cellular mediators of in-
flammation. Peroxynitrite-mediated direct toxicity and NO-medi-
ated inflammatory toxicity contribute to organ injury. Following
HS patients are susceptible to MODS if physiologic and therapeu-
tic mechanisms are ineffective in limiting the activation of the in-
flammatory cascade
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