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Background: Serum elevations of in-
terleukin-6 (IL-6) correlate with multiple
organ dysfunction syndrome and mortal-
ity in critically injured trauma patients.
Data from rodent models of controlled
hemorrhage suggest that recombinant
IL-6 (rIL-6) infusion protects tissue at risk
for ischemia–reperfusion injury. Exoge-
nous rIL-6 administered during shock ap-
pears to abrogate inflammation, provid-
ing a protective rather than a deleterious
influence. In an examination of this para-
dox, the current study aimed to determine
whether rIL-6 decreases inflammation in
a clinically relevant large animal model of
uncontrolled hemorrhagic shock, (UHS),
and to investigate the mechanism of
protection.

Methods: Swine were randomized to
four groups (8 animals in each): (1) sacri-
fice, (2) sham (splenectomy followed by

hemodilution and cooling to 33°C), (3)
rIL-6 infusion (sham plus UHS using
grade 5 liver injury with packing and re-
suscitation plus blinded infusion of rIL-6
[10 mcg/kg]), and (4) placebo (UHS plus
blinded vehicle). After 4 hours, blood was
sampled, estimated blood loss determined,
animals sacrificed, and lung harvested for
RNA isolation. Quantitative reverse tran-
scriptase-polymerase chain reaction was
used to assess granulocyte colony-stimu-
lating factor (G-CSF), IL-6, and tumor
necrosis factor-� (TNF�) messenger ribo-
nucleic acid (mRNA) levels. Serum levels
of IL-6 and TNF� were measured by en-
zyme-linked immunoassay (ELISA).

Results: As compared with placebo,
IL-6 infusion in UHS did not increase es-
timated blood loss or white blood cell
counts, nor decrease hematocrit or plate-

let levels. As compared with the sham con-
dition, lung G-CSF mRNA production in
UHS plus placebo increased eightfold (*p
< 0.05). In contrast, rIL-6 infusion plus
UHS blunted G-CSF mRNA levels, which
were not significantly higher than sham
levels (p � 0.1). Infusion of rIL-6 did not
significantly affect endogenous production
of either lung IL-6 or mRNA. As deter-
mined by ELISA, rIL-6 infusion did not
increase final serum levels of IL-6 or
TNF� over those of sham and placebo
conditions.

Conclusions: Exogenous rIL-6
blunts lung mRNA levels of the proinflam-
matory cytokine G-CSF. The administra-
tion of rIL-6 does not increase the local
expression of IL-6 nor TNF� mRNA in
the lung. Additionally, rIL-6 infusion does
not appear to cause systemic toxicity.

J Trauma. 2004;57:970–979.

Ischemia–reperfusion injury secondary to hemorrhage
stimulates inflammation and tissue damage by escalating
the endogenous production of proinflammatory cytokines

such as interleukin-6 (IL-6), granulocyte colony-stimulating
factor (G-CSF), and tumor necrosis factor-� (TNF�). Up-
regulation of IL-6 correlates with mortality in numerous clin-
ical studies.1–3 As a result of the significant association be-

tween high circulating serum IL-6 levels, mortality, and
multiple organ dysfunction syndrome, IL-6 is widely thought
to be detrimental. Conversely, a significant accumulating
body of evidence suggests that exogenously administered
recombinant IL-6 (rIL-6) has numerous beneficial antiinflam-
matory effects that may outweigh the harmful influence of
endogenously produced IL-6 depending on the experimental
or clinical situation. Consequently, an intuitive paradox exists
because exogenous intravenous administration of rIL-6 early
in the course of resuscitation after hemorrhage appears to
abrogate the inflammatory response and provide a protective
rather than a deleterious influence.

Data from a controlled hemorrhagic shock rodent model
suggest that intravenously administered exogenous rIL-6 ben-
efits tissue at risk for ischemia–reperfusion injury.4 This
study aimed to examine molecular mechanisms by which
rIL-6 protects against organ damage in a clinically relevant
large animal model of uncontrolled hemorrhagic shock
(UHS). The authors hypothesized that intravenous rIL-6
infusion during resuscitation from UHS would decrease
endogenous proinflammatory cytokine messenger ribonu-
cleic acid (mRNA) production, thereby reducing polymor-
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phonuclear neutrophil (PMN) infiltration and dysfunc-
tional inflammation.

MATERIALS AND METHODS
Surgical Protocols

The study protocols were approved by the Animal Pro-
tocol Review Committee of Baylor College of Medicine and
the Institutional Animal Care and Use Committee serving
Stanford University. The protocols were performed according
to the provisions of the Animal Welfare Act, PHS Animal
Welfare Policy, principles of the National Institutes of Health
Guide for the Care and Use of Laboratory Animals, and
policies and procedures of Baylor College of Medicine and
Stanford University. For the study, 3-month-old Yorkshire
crossbred swine weighing approximately 40 kg were used.
The animals were allowed access to water and commercial
laboratory swine food ad libitum until 24 hours before the
procedures.

Study Groups
Swine were randomly subjected to one of four experi-

mental groups of eight animals each: (1) normal control
group, (2) sham group, (3) UHS plus placebo infusion pro-
tocol group, (4) UHS plus rIL-6 infusion protocol group.

Normal Controls
The eight animals in the normal control group were

killed without any procedures to obtain constitutive levels of
mRNA.

Sham Surgical Protocol
The eight animals in the sham group were given a pre-

anesthetic intramuscular injection of glycopyrorolate 0.01
mg/kg and Telazol 4 mg/kg, and a 7-mm-diameter cuffed
endotracheal tube was placed after induction of anesthesia.
Anesthesia was maintained for the study period with 1% to
3% isoflurane in 50% oxygen. The tidal volume was fixed at
10 mL/kg with a rate of 10 breaths per minute. An electro-
cardiogram monitor was secured, and an esophageal stetho-
scope, gastric tube, and thermometer were inserted.

After the animals had been placed in the supine position,
the ventral cervical area and abdomen were clipped and
surgically prepared with povidone iodine. A central venous
internal jugular line was used for fluid resuscitation, and a
carotid arterial line was used for continuous blood pressure
monitoring and blood sampling. Mean arterial pressure, sys-
tolic pressure, diastolic pressure, and heart rate were recorded
and averaged. A laparotomy and splenectomy were per-
formed. A splenectomy was necessary because the swine
spleen is contractile and contains a variable volume of blood
resulting in autoresuscitation during hemorrhage studies lead-
ing to a confounding variable. Splenectomy removes this
variable.

The spleen was weighed, and lactated Ringer’s solution
was infused at 50 mL/minute to three times the spleen weight

to replace the removed blood. The animals underwent an
isovolemic, exchange transfusion with pharmaceutical grade
5% human albumin (Albumarc; Baxter Healthcare Corpora-
tion for the American Red Cross, Westlake Village, CA).
Half (50%) of the animals’ blood volume was replaced, and
the animals were standardized to an esophageal temperature
of 33°C by lavage of the abdomen. This rendered the animal
hypothermic with a dilutional coagulopathy. The left lateral
lobe of the liver was mobilized but not injured. The abdomen
was closed, and the animal was maintained under anesthesia
for 4 hours, then killed.

UHS Protocol With and Without rIL-6 Infusion
The 16 animals in the UHS group (8 subjected to UHS

plus rIL-6 and 8 subjected to UHS plus placebo) underwent
the same procedure as the sham-operated animals with the
addition of grade 5 liver injury, as described by the American
Association for the Surgery of Trauma (AAST) Organ Injury
Scaling system. A grade 5 injury is defined as an injury to a
central hepatic vein by the AAST Organ Injury Scaling
system.5 The left lateral lobe of the liver was mobilized, and
a grade 5 liver injury was performed using a specially de-
signed clamp. This grade 5 liver injury model has been
described previously.6

One minute after the grade 5 liver injury was performed,
a blinded infusion of either lactated Ringer’s solution or rIL-6
(dose, 10 �g/kg)4 was administered. Administration of the
blinded infusion was concurrent with initiation of fluid re-
suscitation. The liver injury was packed with laparotomy
sponges simultaneously with administration of the blinded
infusion and the fluid resuscitation. The animals were resus-
citated to their baseline mean arterial pressure with lactated
Ringer’s solution at 50 mL/minute. After completion of the
4-hour study, the abdomen was reopened, the blood loss was
determined, and the animal was killed.

Exogenous rIL-6
Studies were performed using a rodent model of con-

trolled hemorrhagic shock to determine the appropriate dose
of rIL-6. An exogenous dose of 10 �g/kg rIL-6 given intra-
venously to rodents undergoing controlled hemorrhage re-
sulted in abrogation of endogenous liver IL-6 levels to control
levels (unpublished data from Tweardy et al., 2003). Human
rIL-6 was obtained from Novartis Pharma AG (Basel, Swit-
zerland). On the basis of the authors’ previous studies using
the rodent model, the dose used was 10 �g/kg, administered
intravenously to the swine 1 minute after the grade 5 liver
injury.

Blood Collection and Analysis
Baseline and final blood specimens were collected for

serum analysis, complete blood counts, and liver enzyme
tests.
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Enzyme-Linked Immunoassay Analysis of Circulating
Protein Levels

Plasma concentrations of the circulating proinflamma-
tory cytokines IL-6 and TNF� were measured using com-
mercially available enzyme-linked immunoassay (ELISA)
kits (R & D Systems, Minneapolis, MN).

Tissue Collection and RNA Isolation
After the animals had been killed, a lung sample was

collected and flash frozen in liquid nitrogen immediately
upon harvest and stored at �80°C for RNA isolation and
quantitative reverse transcription-polymerase chain reaction.
Total RNA was extracted using the modified method of
Chomczynski and Sacchi7 with commercially available
Trizol reagent (Life Technologies, GibcoBRL).

Quantitative Reverse Transcription-Polymerase
Chain Reaction

Total RNA (5 ng for 18S and 500 ng for the gene of
interest) was added to a reverse transcriptase, first-strand
cDNA synthesis reaction. A 20-�L reaction volume was
subjected to reverse-transcriptase first strand cDNA synthesis
using the commercially available Taqman Multiscribe Re-
verse Transcriptase Kit (Applied Biosystems, Branchburg,
NJ) under the following conditions: 10 minutes at 25°C, then
30 minutes at 48°C, followed by inactivation of the enzyme
at 95°C for 5 minutes (ABI Prism 7700 Thermocycler; Ap-
plied Biosystems). Polymerase chain reaction then was per-
formed, and conditions were as follows: stage 1: 2 minutes at
50°C, stage 2: 10 minutes at 95°C, and stage 3: 40 cycles of
15 seconds of melting at 95°C followed by DNA synthesis for
1 minute at 60°C. The ABI Prism PE7700 was used as well
as Taqman Universal Master Mix (Applied Biosystems).

Polymerase chain reaction primers and probes for swine
G-CSF, TNF�, and IL-6 were designed using the computer
program Primer Express (Applied Biosystems) based on the
published swine sequences of these cytokines.8–10 The for-
ward primer sequence for swine G-CSF was 5'-CCTGC-
CCCAGAGCTTCCT-3', whereas the reverse primer for G-
CSF was 5'-AGCTCGGCGCCATCAG-3'. The probe for
G-CSF, located two nucleotides downstream of the 3' end of
the forward primer, also was end-labeled with 6-FAM and
TAMRA: 6-FAM-CTGGATTTTCCTCACTTGCTCTAAG-
CACTTTGA-TAMRA. The forward primer sequence for
swine TNF� was 5'-GGCCCAAGGACTCAGATCATC-3',
whereas the reverse primer was 5'-CGGCTTTGACATTG-
GCTACAA-3' and the TNF� probe sequence was 6-FAM-
AACCTCAGATAAGCCCGTCGCCCA-TAMRA. The IL-6
forward primer sequence was 5'-GCTGCTTCTGGTGATG-
GCTACT-3', whereas the IL-6 reverse primer was 5'-
GGCATCACCTTTGGCATCTT-3' and the IL-6 probe se-
quence was 6-FAM-CCTTCCCTACCCCGGAACGCCT-
TAMRA.

A negative control condition for each set of polymerase
chain reactions contained sterile water instead of cDNA tem-
plate. The cycle threshold of each triplicate determination
was normalized by subtraction of the cycle threshold (CT) for
its corresponding 18S cycle threshold �CT. Each �CT then
was calibrated by subtracting the mean normalized cycle
threshold �CT of the eight normal control lungs (��CT).
The control animals killed without operation were considered
to have “normal” or constitutive levels of cytokine produc-
tion. The level of mRNA in the group of normal animals was
arbitrarily assigned the value 1, and the fold change in cyto-
kine mRNA levels in the sham, UHS protocol � rIL-6, and
UHS protocol plus placebo groups, as compared with normal
control subjects, was calculated using 2-��CT, as described
in User Bulletin 2 (Perkin-Elmer Applied Biosystems).

Statistical Analysis
Groups were analyzed using one-way analysis of vari-

ance (ANOVA). Statistical analysis of differences between
groups was determined by post hoc Student Newman Keuls
test. Comparisons between final and initial laboratory values
were analyzed using the paired Student’s t test. Data are
presented as means � standard error of the mean (SEM).
Statistical significance was defined as a p value less than
0.05. Statistical analysis was performed using commercially
available software from Primer (McGraw-Hill, Inc).

RESULTS
Mortality of Model

In this study, 19 animals were subjected to the UHS
protocol. Of these 19 animals, 3 died of exsanguination be-
fore the 4-hour study period predetermined for killing and
harvesting of tissues. Data from the three animals that died
were not included in the analysis because they did not survive
to the 4-hour goal. No tissues were harvested from these
animals. Only the 16 animals that lasted the full 4-hour
resuscitation period underwent tissue analysis. The lethality
of the UHS model was 16% secondary to the three deaths.

Hematologic and Physiology Data
As compared with placebo, rIL-6 infusion in UHS did

not increase estimated blood loss or white blood cell counts,
nor decrease hematocrit or platelet levels (Table 1). When the
average mean arterial pressures were compared, there were
no significant differences between UHS plus rIL-6 and UHS
plus placebo (Fig. 1).

Quantitative Reverse Transcription-Polymerase Chain
Reaction Data G-CSF mRNA Levels

As compared with the sham group, lung G-CSF mRNA
production in the UHS plus placebo group increased eightfold
(*p � 0.05). In contrast, rIL-6 infusion plus UHS blunted
G-CSF mRNA levels to 1.9-fold above sham conditions,
which was not statistically significant (p � 0.1). As compared
with the control group, the sham group showed an 11-fold
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increase, the UHS plus rIL-6 group a 21-fold increase, and
the UHS plus placebo group an 83-fold increase (Fig. 2).

TNF� mRNA Levels
As compared with the sham condition, lung TNF�

mRNA production in the UHS plus rIL-6 infusion group
increased 6.25-fold, whereas UHS plus placebo TNF�
mRNA levels increased 9-fold. As compared with the control
group, the sham group showed a 4-fold increase, the UHS
plus rIL-6 group a 25-fold increase, and the UHS plus pla-
cebo a 36-fold increase. Both the UHS plus placebo and the
UHS plus rIL-6 TNF� mRNA levels were statistically in-
creased, as compared the with sham levels (p � 0.03 and p �
0.02, respectively). There was no statistical difference in
TNF� mRNA levels between the UHS plus placebo and the
UHS plus rIL-6 groups (Fig. 3).

Table 1 Final Laboratory Parameters Of Swine Randomized To UHS � rIL-6 vs. UHS � Placebo

EBL (ml) WBC (�106/ml) Hct Plts (�106/ml) AST

UHS � rIL-6 997 (31) 11,170 (2,640) 10.74 (0.94) 157 (22) 352 (120)
UHS � Placebo 1211 (167) 8,000 (1,000) 12.80 (1.18) 175 (14) 103 (23)
p-value 0.23 0.35 0.06 0.5 0.07

Mean (�/�SEM).

Fig. 1. There were no statistically significant differences in the
overall mean arterial pressure between the uncontrolled hemor-
rhagic shock (UHS) plus recombinant interleukin-6 (rIL-6) group
and the UHS plus placebo group.

Fig. 2. Granulocyte colony-stimulating factor (G-CSF) messenger RNA (mRNA) levels in the lungs of sham, uncontrolled hemorrhagic shock
(UHS) plus recombinant interleukin-6 (rIL-6), and UHS plus placebo swine. The G-CSF mRNA levels were quantified in swine lung by
quantitative reverse transcription-polymerase chain reaction, as described in the Materials and Methods section, and standardized to levels
detected in the normal control lung (n � 8). Data are presented as the mean � standard error of the mean of each group. Bars marked by
one asterisk (*) differ significantly, p � 0.05. Bars marked by a number sign (#) are not statistically significant at a p value of 0.1.
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IL-6 mRNA Levels
The endogenous production of IL-6 mRNA in the lung

was evaluated. As compared with the constitutive production
of IL-6 mRNA in the control group, the IL-6 mRNA level in
the sham group was 0.95, the IL-6 mRNA level in the UHS
plus rIL-6 group was 0.77-fold, and the IL-6 mRNA level in
the UHS plus placebo group increased to 1.62-fold. The
values among the groups did not reach statistical significance
(Fig. 4).

ELISA Analysis for Circulating Protein Levels
Recombinant IL-6 infusion did not increase final serum

levels of IL-6 nor TNF�, as compared with placebo (Table 2).

DISCUSSION
Most late deaths after trauma and hemorrhagic shock

result from multiorgan dysfunction syndrome caused by dys-
functional inflammation after massive resuscitation or
sepsis.11 Upregulation of IL-6 correlates with multiple organ
failure and mortality in numerous clinical studies.1–3 As a
result of the known proinflammatory IL-6 effects and the
clinical correlation of high serum levels with mortality, IL-6
is widely thought to be detrimental. Remick et al.12 recently
suggested that serum IL-6 levels measured 6 hours after the
induction of sepsis accurately predict mortality and suggest
initiation of therapeutic interventions using high IL-6 levels
to target patients with severe insults.

Interleukin-6 is a 21-kD cytokine produced by numerous
cells. Endothelial cells, hepatocytes, fibroblasts, macro-
phages, neutrophils, and T and B lymphocytes all are capable
of producing IL-6. Interleukin-6 affects a variety of biologic
functions including immunoglobulin production and the

Fig. 3. Tumor necrosis factor-� (TNF�) messenger RNA (mRNA) levels in the lungs of sham, uncontrolled hemorrhagic shock (UHS) plus
recombinant interleukin-6 (rIL-6), and UHS plus placebo swine. The TNF� mRNA levels were quantified in swine lung by quantitative reverse
transcription-polymerase chain reaction, as described in the Material and Methods section, and standardized to levels detected in the normal
control lung (n � 8). Data are presented as the mean � standard error of the mean of each group. Bars marked by one and two asterisks
(* and **) differ significantly (p � 0.03 and p � 0.02, respectively).

Fig. 4. Endogenous interleukin-6 (IL-6) messenger RNA (mRNA)
levels in the lungs of sham, uncontrolled hemorrhagic shock (UHS)
plus recombinant IL-6 (rIL-6), and UHS plus placebo swine. The
IL-6 mRNA levels were quantified in the swine lung by quantitative
reverse transcription-polymerase chain reaction, as described in the
Material and Methods section, and standardized to levels detected in
the normal control lung (n � 8). Data are presented as the mean �

standard error of the mean of each group. There are no statistically
significant differences between the experimental groups.
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acute-phase response. Specifically, IL-6 stimulates PMN pro-
duction. It is essential for the inflammatory response.13–16

Circulating IL-6 stimulates neutrophil production under phys-
iologic stress. Interleukin-6 also is required for local produc-
tion of CXC chemokines and neutrophil infiltration.17 These
properties of IL-6 result in both pro- and antiinflammatory
effects. The balance of the pro- and antiinflammatory effects
of IL-6 is controversial. Many of the proinflammatory IL-6
effects are secondary to activation of B-cells and induction of
chemokines and adhesion molecule expression in endothelial
cells.17–19 Conversely, stimulation with rIL-6 causes de-
creased expression of the primary proinflammatory cytokines
IL-1B, TNF�, and IL-12 from macrophages, astrocytes, and
fibroblasts. The data showing downregulation of major proin-
flammatory mediators suggest that the paracrine effects from
local endogenous production of IL-6 primarily serve an an-
tiinflammatory role.

Consequently, numerous reports demonstrate that exog-
enously administered rIL-6 has significant beneficial antiin-
flammatory effects. Intraperitoneal injection of rIL-6 has
been shown to inhibit TNF� production and to protect against
LPS lethality.20 Recombinant IL-6 also is protective against
mortality in a model of staphylococcal enterotoxin–induced
toxic shock.21 Administration of rIL-6 for a rat liver ischemi-
a–reperfusion injury decreased hepatocellular damage and
abrogated TNF� production.22 In a rat model of controlled
hemorrhagic shock, intravenous administration of rIL-6 dur-
ing resuscitation markedly decreased liver and lung injury
and reduced PMN infiltration.4 Instillation of rIL-6 into an
endotoxin-induced tracheal injury significantly decreased
PMN infiltration and reduced concomitant markers of
inflammation.23 Interleukin-6 knockout mice have increased
reperfusion injury after hepatic ischemia, which is reversed
by pretreatment with rIL-6.14 Interestingly, IL-6 knockout
mice treated with LPS produce three times more TNF� than
wild-type animals, suggesting that IL-6 may be an important
negative regulator of TNF� production.14 Additionally, rIL-6
has been shown to prevent production of TNF� and to induce
the release of soluble TNF� receptor p55, which is respon-
sible for binding and neutralizing circulating TNF�.24

Granulocyte colony-stimulating factor is a 20- to 25-kD
glycoprotein produced by a variety of stimulated cells, in-
cluding macrophages,25,26 fibroblasts, and endothelial and
astroglial cells.27–30 The primary cell target of G-CSF is the
neutrophil, with G-CSF increasing the number and function

of circulating neutrophils. Findings show that G-CSF binds to
a high-affinity receptor of 130- to 150-kD on neutrophils and
has a wide range of effects including enhancement of endo-
thelial adhesion,31,32 chemotaxis,33 chemokinesis,34 degran-
ulation, priming for reactive oxygen intermediate (ROI)
production,35–37 and survival.38 In addition, G-CSF stimu-
lates a variety of neutrophil effector functions.27,28

Well studied as recombinant human G-CSF (rhG-CSF),
G-CSF is in wide clinical use secondary to Food and Drug
Administration (FDA) approval for the treatment of neutro-
penia caused by acute myelogenous leukemia and chemother-
apy. Numerous studies evaluating treatment with rhG-CSF in
rodent models of experimental sepsis show a decreased mor-
tality rate. Several investigators have examined the therapeu-
tic use of exogenous rhG-CSF in large animal models of
septic shock and two hit models of hemorrhage followed by
sepsis.39,40 Patton et al.39 and Davis et al.40 showed an in-
creased production of circulating PMNs, containment of in-
traabdominal abscesses, and no evidence of increased PMN
activity causing exacerbation of tissue injury. The laboratory
of the current authors has previously reported contradictory
data in a rodent model of hemorrhagic shock.4 Intravenous
infusion of rhG-CSF during resuscitation significantly in-
creased PMN infiltration into the lungs 2.4-fold, as compared
with placebo, and was associated with a significant increase
in interstitial edema and pneumocyte swelling reflected by a
42% increase in alveolar cross-sectional area (p � 0.01). In
the same animals, a decrease in liver injury was noted sec-
ondary to rhG-CSF infusion. The role of endogenous G-CSF
in healthy non-neutropenic tissues is unclear.41 Endogenous
G-CSF production in the lung of the current uncontrolled
hemorrhage model suggests that subsequent PMN recruit-
ment likely contributes to lung injury and subsequent acute
respiratory distress syndrome.

The current data adds to the literature suggesting that
IL-6 plays a significant role as a local antiinflammatory
mediator. In this study, rIL-6 infusion significantly blunted
G-CSF mRNA expression in the lung from hemorrhaged
animals. Decreased G-CSF mRNA levels likely abrogate
neutrophil recruitment to the lung, consequently diminishing
neutrophil-mediated injury. Tumor necrosis factor-� mRNA
levels also were comparatively decreased, although this de-
crease did not reach statistical significance because of the
large standard errors and the small sample size in this heter-
ogeneous population of large animals.

The possible mechanisms by which exogenous rIL-6
decreases PMN infiltration and subsequent tissue damage
involve upregulated suppressor of cytokine signaling 3 pro-
duction and protein inhibitor of activated signal transducer
and activator of transcription production, ultimately resulting
in downregulation of proinflammatory cytokine expression.
Further investigations of these potential mechanisms are
necessary.

Table 2 ELISA Data: IL-6 and TNF-alpha Final
Serum Levels in UHS � rIL-6 vs. UHS � Placebo

IL-6
(pg/mL)

TNF-alpha
(pg/mL)

UHS � rIL-6 1.4 (0.64) 1.3 (0.2)
UHS � Placebo 1.6 (0.92) 0.91 (0.36)
p-value 0.86 0.3

Mean (�/�SEM).
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Study Advantages and Limitations
The swine model described in this study fulfills a need for

a model of hemorrhagic shock that is uncontrolled and occurs in
an animal near in size to humans. The need for such a model
arises from the desire to validate, if possible, findings obtained
in rodent HS models, and to establish a model for preclinical
testing of interventions designed to reduce dysfunctional inflam-
mation and multiple organ dysfunction syndrome. Although
large animal models are clinically relevant, a wide variability in
each individual animal’s response to hemorrhage and resuscita-
tion is observed. Herein lies the significance and crux of this
clinical model. Secondary to the large variation in reaction to the
UHS model, large SEMS along with relatively small sample
sizes may result in type 2 statistical error.

Large animal studies are more costly than studies using rodent
models. Consequently, the current sample size and data time points
were limited by economics. A single point in time 4 hours after
injury was studied. No data on inflammation from later time points
are given, and survival information is not addressed. The small
sample size emphasizes the possibility of a type 2 error. The goal of
this study was to recapitulate a complex clinical scenario with
multiple variables, uncontrolled hemorrhage, hypovolemia, tissue
destruction (liver laceration), coagulopathy, and hypothermia. Al-
though the authors succeeded in creating a clinically relevant large
animal model of UHS, their study suffers from the inherent inter-
animal variability of a large animal, as compared with rodent mod-
els, and the prohibitive costs of large animal investigations, which
severely limit the sample size. The finding that TNF� is blunted in
the rIL-6 plus UHS animals suffers from lack of power combined
with large SEMs.

This study was limited by the decision to focus on only
three cytokines and to examine primarily mRNA expression.
The investigations were focused on the cytokines IL-6 and
G-CSF because published reports16 support an essential role
for each in a murine model of controlled hemorrhagic shock.
Tumor necrosis factor-� was included because of its central
proinflammatory role. Other well-known proinflammatory
cytokines, such as IL-1 beta, were not examined in this study.
The entire swine genome has yet to be sequenced. This
currently limits ability to examine the mRNA expression of
some potential crucial mediators such as SOCS3, which
along with other relevant regulators of negative feedback in
the proinflammatory cascade, has not yet been sequenced
from the sus scrofa genome. Another disadvantage of using
the swine model is that there is a relative paucity of immu-
nologic reagents. As a result, confirmatory studies at the
protein level are limited.

The current study design also was limited by a lack of
confirmatory studies regarding neutrophil infiltration into the
lungs. Histologic analysis of formalin-fixed lung tissue for
MPO staining was not performed because there were no
formalin-fixed tissues. Attempted MPO enzymatic assays
on the frozen lung tissue did not yield any contributory
information.

The historical problem with anticytokine therapy has been
its applicability to humans. The current data shows that this large
animal model recapitulates the documented beneficial response
to exogenously administered rIL-6 discovered in rodent models.
Although rodent models have provided new and additional in-
sight into dysfunctional inflammation, determining that the mo-
lecular events described in rodents also occur in larger animals
that can be sampled and evaluated more extensively and sys-
tematically than patients is an important step in understanding
what occurs in hemorrhagic shock–trauma patients. In summary,
the fundamental role of IL-6 remains controversial despite its
discovery more than a decade ago. Is IL-6 our friend or foe? Are
systemic IL-6 levels in critically ill patients a mediator or a
marker of injury?42

CONCLUSION
Exogenous rIL-6 blunts lung mRNA levels of the proin-

flammatory cytokine G-CSF. The administration of rIL-6
does not increase the local expression of IL-6 or TNF�
mRNA in the lung. In fact, rIL-6 administration also appears
to decrease TNF� mRNA production, although this finding
does not achieve significance. Additionally, rIL-6 infusion
does not appear to cause systemic toxicity. Elucidation of
the specific mechanisms through which IL-6 exerts its
antiinflammatory influence could ultimately establish spe-
cific therapies to abrogate the initiation of the systemic
inflammatory response syndrome and inhibit ensuing mul-
tiple organ failure.
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DISCUSSION
Dr. Joe H. Patton Jr. (Detroit, MI): I commend the

authors on a nice study and an excellent presentation. Dr.
Brundage and colleagues have presented us with a well-
designed clinically relevant large animal study that mimics
their previous work in rodents, and one that addresses an
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interesting paradox: Is IL-6 a friend or foe in the inflamma-
tory response to hemorrhagic shock and resuscitation?

Interleukin-6 is generally perceived to act as a proinflam-
matory mediator in response to shock and sepsis, as evi-
denced by a strong positive correlation between adverse clin-
ical outcomes and increased levels of the cytokine. In fact,
recent work from the authors’ group using the same model
has shown an increased production of endogenous IL-6 in the
liver that is proportionate to the level and severity of shock.
They concluded from this recent study that the increase in
proinflammatory IL-6 contributed to dysfunctional inflamma-
tion and end organ damage. The current study, on the other
hand, suggests a possible antiinflammatory role for exog-
enously administered IL-6 via a decrease in the endogenous
production of the proinflammatory mediator G-CSF.

Unfortunately, through the data presented today, I am not
convinced that the functional abrogation of the inflammatory
response has occurred. As we showed in Dr. Fabian’s labo-
ratory, that exogenous G-CSF does not necessarily promote
neutrophil-mediated damage in animals subjected to a two-hit
hemorrhage-sepsis insult. Therefore, I believe some func-
tional outcome data are required. Certainly, the conclusions
of this paper would be strengthened with data regarding lung
injury or the lack thereof. Do you have any BAL myloper-
oxidase or histologic data to confirm your assumptions? I also
am surprised not to see an increase in endogenous IL-6
production in your placebo group, as compared with the sham
animals, because this did in fact occur in the liver, as dem-
onstrated in your previous work.

Can you explain the discrepancy between the organ systems?
Does it relate to the site of injury, perhaps exemplifying the distinc-
tion between autocrine and perocrine effects of the cytokine? Did
you look at NF kappa B or stat 3 activities in the lung?

I appreciate the variability inherent in large animal mod-
els. This double-edged sword often confounds the data, but
perhaps amplifies the clinical relevance of any positive con-
clusions. Regarding the model, did the fluid requirements of
the various groups differ? If so, would the amount or type of
resuscitation used affect the results?

You controlled for mean arterial pressure as an end point
for your resuscitation. Therefore, it is not a surprise that this
variable was not different among study groups. But did you
look for any more subtle variables of systemic physiologic
change between the study groups?

Also, regarding your model, a group in Sweden pub-
lished data in 2002 showing that hypothermia itself may
adversely affect the production of endogenous IL-6 in a pig
model of hemorrhagic shock. Why did you include this vari-
able in the development of the model?

I enjoyed the paper very much, and I look forward to
further work from your group. I thank the Program Commit-
tee for the invitation to discuss this work and the Association
for the privilege of the floor.

Dr. James Tyburski (Detroit, Michigan): We looked at
IL-6 levels in patients from their pulmonary artery IL-6 levels

and arterial ones and found a gradient. That gradient was
quite large when the patients’ lungs were injured (i.e., the
lungs themselves became the producer of IL-6 in these in-
jured patients). I wonder if you could comment about the
possibility of the lungs as a source in light of your findings
when you gave the exogenous IL-6.

Dr. Michael A. West (Chicago, Illinois): This was a very
nice presentation and an interesting model. I just have one very
simple question. I am confused as to why, when you infused
IL-6, you did not see a significantly higher level of IL-6 statis-
tically in the serum if the IL-6 being infused was available to do
something. I would have expected that you may have seen a
measurable increase in IL-6 levels as a positive control.

Dr. Susan I. Brundage (Stanford, California, closing):
Thanks, Dr. Patton, for your very thorough and thoughtful review.
As discussed, this data represents only the cytokine expression.

We will be looking at MPO, histology, and protein ex-
pression, so that data will be forthcoming. In addition, the
data on NF kappa B and stat 3 will be forthcoming.

Regarding the question about endogenous production of
IL-6 in the liver versus the lung, the model published in the
Journal of Surgical Research specifically looked at the liver.
In this case, we have chosen to look at the lung because our
interest was acute respiratory distress syndrome. We will be
looking at the liver and the terminal ileum in the same animal
model, so we will have that data.

About the resuscitation of the animals, we did resuscitate
them with lactated Ringer’s solution. There was no difference
in the administration of fluid volumes.

Moreover, we did choose the animal model of hypother-
mia and coagulopathy. In our prior experiments, when we did
not have that variable, the blood loss was approximately half.
We wanted to have a more severe animal model of shock.
That is why it is important to note that the sham group was an
appropriate sham group because they did undergo the hypo-
thermic and dilutional coagulopathy, yet they had nowhere
near the proinflammatory cytokine expression observed in the
uncontrolled hemorrhagic shock groups.

Dr. Tyburski, I think your question echoed by Dr. Patton
is really the crux of our research. What is the role of IL-6?
Perhaps at a paracrine level, IL-6 is functioning in an antiin-
flammatory manner. What happens is that our immune sys-
tem gets overwhelmed and tries to overcompensate by pro-
ducing IL-6. This is done systemically, and the systemic
production of IL-6 really is a marker showing that IL-6 is not
able to do its paracrine job initially.

Finally, Dr. West, that was a question of ours too. Why
are serum IL-6 levels not different? I think probably what is
occurring here is that the serum is measured 4 hours after
injury, and at that point, the infusion has been diluted out by
the amount of fluid the animals have received. They all have
bled approximately 1 L, which is one third of their blood
volume, and these differences at the end experiment probably
reflect the short half-life of IL-6 in the serum. Thanks for
your questions and your attention.
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Trauma, 5th Edition, Edited by Ernest E. Moore, MD, David Feliciano, MD, and Kenneth L.
Mattox, MD, McGraw-Hill, New York, 2004, 1469 pp, ISBN: 0–07–137069–2

In this, the fifth edition of Trauma, Moore, Feliciano, and Mattox have provided us with a comprehensive
and updated text on the care and management of trauma victims. As has been the case for nearly 20 years of
continuous publication, this is one text that should be on every trauma surgeon’s bookshelf. As noted by Dr.
Ben Eisenman in his forward, this book continues to be written by the Who’s Who in trauma and provides
a comprehensive reference source not only for the trauma practitioner, but also for all in surgery who may
be called upon to treat trauma victims in the realities of the 21st century. The strengths of this edition are, as
in previous editions, the depth and breadth of topics and information. As has become the trademark for this
book, it is a comprehensive while user friendly and highly practical reference. The text remains divided into
six primary areas, dealing with an overview of trauma, generalized approaches to the trauma patient,
management of specific injuries, special problems, management of complications after trauma, and closes
with a section on medical, legal, and legislative issues in trauma. A hallmark of Trauma is its attention to
important details, and in this fifth edition the editors have streamlined their work with a reduction in the
number of pages and a limiting of the chapter references. A feature that has been expanded in the current
edition is the commentary on each of the chapters. In general these are well done and insightful and in many
cases provide complimentary information or clarifying thoughts.

Important additions to this fifth edition are the combining of trauma system triage and transport into a
single chapter, which logically links each of these areas where previously they were separated. The inclusion
of a chapter on trauma outcomes is appropriate and necessary information for all who manage trauma care.
The inclusion of a chapter on rural trauma is long overdue as a component of any standard text in trauma, and
this one is particularly well done. The chapter on surgeon-performed ultrasound in trauma and in the surgical
critical care unit is an excellent addition and well done by one of the leaders in this area. Combining the upper
extremity and hand chapters into a single chapter is clearly done and provides thorough coverage of this area.
A new chapter, titled Surgical Care of Victims of Conflict, is a timely addition to the text and provides a ready
reference for those who might be called upon in a crisis to deal with such patients. The chapter Genetic and
Genomic Aspects of the Immunoinflammatory Response is an excellent primer and nicely introduces the
clinician to basic principles involved and analytical techniques used in the field of molecular biology. It
provides information that the clinician needs to become familiar with as this area moves from the basic
science laboratory to the patient’s bedside. The chapter The Convergence of Trauma, Medicine and the Law
is one that all need to read to understand the contexts in which our patients live and we work. This is further
complimented by the editorial comment of the senior editor. Many chapters have new authors and substan-
tially updated information. The chapter on Kinematics of Trauma has been completely redone and treats this
area in a clear and concise manner. This is also the case for the chapter on indications for laparotomy.

The fifth edition of Trauma is certainly a worthwhile addition to anyone’s library. It remains a
comprehensive text that is clearly written, well illustrated, and includes significant new and important
information. The thoughtful use of chapter editorial commentaries provides a balanced view of each of the
topic areas and adds further value to this publication.

Richard L. Gamelli
Loyola University Medical Center
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Maywood, Illinois
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