
Ciglitazone ameliorates lung inflammation by modulating the
IKK/NF-κB pathway following Hemorrhagic Shock

Ranjit S. Chima, Paul W. Hake, Giovanna Piraino, Prajakta Mangeshkar, Alvin Denenberg,
and Basilia Zingarelli
Division of Critical Care Medicine, Cincinnati Children's Hospital Medical Center, University of
Cincinnati College of Medicine, Cincinnati

Abstract
Objective—Peroxisome proliferator-activated receptor gamma (PPARγ) is a ligand-activated
transcription factor. Ciglitazone a PPARγ ligand, has been shown to provide beneficial effects in
experimental models of sepsis and ischemia/reperfusion injury. We investigated the effects of
ciglitazone on lung inflammation following severe hemorrhage.

Design—Prospective, laboratory study, rodent model of hemorrhagic shock.

Setting—University hospital laboratory.

Subjects—Male Rats.

Interventions—Hemorrhagic shock was induced by withdrawing blood to a mean arterial
pressure (MAP) of 50 mmHg. At 3 hours after hemorrhage, rats were rapidly resuscitated by
returning their shed blood. At the time of resuscitation and every hour thereafter, animals received
ciglitazone (10mg/kg) or vehicle intraperitoneally. Heart rate and MAP were measured throughout
the experiment. Plasma and lung tissue were collected for analysis up to 3 hours after
resuscitation.

Measurements and Main results—Ciglitazone treatment ameliorated MAP, reduced lung
injury, significantly blunted lung neutrophil infiltration and lowered plasma interleukin -6 (IL-6),
interleukin-10 (IL-10) and monocyte chemoattractant protein-1 (MCP-1) levels. In a time course
analysis, vehicle-treated rats had a significant increase in nuclear factor-κB (NF-κB) DNA
binding, which was preceded by increased inhibitor κB (IκB) protein kinase (IKK) activity and
IκBα degradation in the lung. Treatment with ciglitazone significantly reduced IKK activity and
IκBα degradation and completely inhibited NF-κB DNA binding. This reduction of IKK activity
afforded by ciglitazone appeared to be a consequence of a physical interaction between PPARγ
and IKK.

Conclusion—Ciglitazone ameliorates the inflammatory response and may reduce lung injury
following hemorrhagic shock. These protective effects appear to be mediated through inhibition of
the IKK/NF-κB pathway.
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INTRODUCTION
Unintentional injuries are the leading cause of death in the United States in individuals aged
1-44 years (1). Hemorrhage is the second most common cause of death in this age group,
contributing to 30-40% of deaths (2). Additionally, hemorrhage accounts for the majority of
early deaths following trauma (2, 3). The initial insult of trauma and/or hemorrhage sets up a
systemic inflammatory response which, if uncontrolled, can lead to the development of
multiple organ failure. Respiratory failure and lung injury are the most common and have
been shown to play an important role in the further development of other organ failure (4,
5). The systemic inflammatory response is characterized by an overwhelming production of
cytokines (IL-6, IL-10) and chemokines (MCP-1), which have been reported to play a key
role in the pathogenesis of lung injury (6). There are no effective strategies to combat this
systemic inflammatory state and the treatment is mainly supportive aimed at bleeding
control and replenishing volume loss (1).

Peroxisome proliferator-activated receptor gamma (PPARγ) is a ligand activated
transcription factor, which belongs to a family of nuclear receptors. It has a role in glucose
homeostasis, atherosclerosis, adipocyte proliferation, cell cycle control and carcinogenesis
(7). In addition, the PPARγ pathway plays a role in the inflammatory response (8, 9).
PPARγ activation has been shown to have anti-inflammatory effects by repressing the
expression of inflammatory response genes in activated macrophages and monocytes (10,
11).

Drugs belonging to the thiazolidinedione group, such as ciglitazone, are specific PPARγ
ligands (12). In vivo treatment with these ligands has been shown to attenuate the organ
injury associated with hemorrhagic shock, endotoxic shock and myocardial ischemia-
reperfusion in rodents (13-16). However, in hemorrhagic shock the molecular mechanisms
by which these ligands attenuate the inflammatory response has not been described.

Nuclear factor-κB (NF-κB) is a ubiquitous transcription factor. Under basal conditions, it
exists in the cytosol in an inactive state bound to its physiologic inhibitor κBα (IκBα). Its
activation requires removal and degradation of IκBα, an event that occurs after
phosphorylation of IκB by a complex of IκB kinases (IKK). The IKK complex consists of
three kinases, IKKα IKKβ and IKKγ Once phosphorylated, IκBα undergoes degradation
allowing NF-κB to translocate to the nucleus where it regulates the expression of a variety
of genes involved in the inflammatory process (17). It has been demonstrated that activation
of NF-κB also plays a major role in the development of acute lung injury during the
inflammatory response following hemorrhage (18-20).

Therefore, the purpose of this study was to investigate whether ciglitazone, a PPARγ ligand,
would reduce the inflammatory response by modulating the NF-κB pathway in the lung
following hemorrhagic shock.

MATERIALS AND METHODS
Rodent Model of Hemorrhagic Shock

The investigation conformed to the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health (NIH Publication No. 85-23, revised
1996) and commenced with the approval of the institutional Animal Care and Use
Committee. Male Wistar rats (200-300 g, Charles River Laboratories, Wilmington MA)
were anesthetized with pentobarbital (80 mg/kg) intraperitoneally (IP). The right femoral
artery and left common carotid artery were cannulated (PE-50 tubing) and used for drawing
blood and measuring mean arterial pressure (MAP), respectively. The trachea was
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cannulated and all animals were placed on a rodent ventilator (Harvard Apparatus,
Holliston, MA) with similar settings, tidal volume 7-8 ml/kg, rate 60 breaths/min and FiO2
of 0.4. Peak inspiratory pressure (PIP) was not measured and no positive endexpiratory
pressure (PEEP) was applied. Hemorrhagic shock was induced as previously described (21).
The animals were kept at a MAP of 50 mmHg for 3h by withdrawing or re-injecting blood
through the femoral artery. At 3h rats were rapidly resuscitated over 10 min with their own
shed blood supplemented with Ringer Lactate solution to a final volume equal to total shed
blood and monitored for another 3h. Heart rates (HR) and MAP were measured using a
pressure transducer and digitized using a Maclab A/D converter. This data was analyzed
using Chart 5 software (AD Instruments Colorado Springs, CO) at 30 min intervals during
the entire experiment.

Rats were randomly assigned to 3 groups- sham, vehicle, ciglitazone. Rats in the sham group
underwent the surgical procedure, but were not bled. Rats in the vehicle and ciglitazone
group received dimethyl sulphoxide (0.1 ml/kg DMSO IP) or ciglitazone (10 mg/kg IP)
respectively at the time of resuscitation and hourly thereafter. The dose of ciglitazone was
chosen on the basis of previous studies demonstrating anti-inflammatory effects in rodent
models of critical illness (16, 22). Rats were sacrificed 1h, 2h and 3h following
resuscitation. Lungs and plasma samples were collected from each rat and stored at -70°C.

Plasma Glucose levels and Lactate Levels
Glucose concentrations were measured using a commercially available quantitative
colorimetric assay kit (BioAssay Systems, Hayward, CA), using the protocol recommended
by the manufacturer. Lactate levels were measured using a quantitative colorimetric assay as
described previously (23).

Plasma Cytokine and Chemokine Levels
Plasma levels of interleukin 6 (IL-6), interleukin 10 (IL-10) and monocyte chemoattractant
protein (MCP-1) were determined by a multiplex array system (Linco-Research, St. Charles,
MO).

Histopathological analysis
Lung tissue was fixed in 4% paraformaldehyde and embedded in paraffin. Sections were
stained with hematoxylin eosin stain. These sections were evaluated by light microscopy for
evidence of lung injury.

Lung Myeloperoxidase Activity
Myeloperoxidase activity was determined as an index of neutrophil accumulation in lung
homogenates collected from the rats as previously described (16).

Subcellular Fractionation and Nuclear Protein Extraction
Lung samples were homogenized with a Polytron homogenizer (Brinkmann Instruments,
West Orange, NY) in a buffer containing 0.32 M sucrose, 10 mM Tris-HCl (pH 7.4), 1 mM
EGTA, 2 mM EDTA, 5 mM NaN3, 10 mM β-mercaptoethanol, 20 μM leupeptin, 0.15 μM
pepstatin A, 0.2 mM PMSF, 50 mM NaF, 1 mM sodium orthovanadate, and 0.4 nM
microcystin. The homogenates were centrifuged (1,000 × g, 10 min), and the supernatant
(cytosol plus membrane extract) was collected. The pellets were solubilized in Triton buffer
(1% Triton X-100, 150 mM NaCl, 10 mM Tris-HCl (pH 7.4), 1 mM EGTA, 1 mM EDTA,
0.2 mM sodium orthovanadate, 20 μM leupeptin A, and 0.2 mM PMSF). The lysates were
centrifuged (15,000 × g, 30 min, 4°C), and the supernatant (nuclear extract) was collected.
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Western blot analysis for IκBα
The cytosol degradation of IκBα in the lung was determined by immunoblot analyses in
cytosol extracts using primary antibody against IκBα. Immunoreaction was visualized by
chemiluminescence and on a photographic film. Densitometric analysis of blots was
performed using ImageQuant (Molecular Dynamics, Sunnyvale, CA).

Electrophoretic Mobility Shift Assay for NF-κB
Electrophoretic mobility shift assays were performed as previously described (24).
Oligonucleotide probes corresponding to the NF-κB consensus sequence (5′-AGT TGA
GGG GAC TTT CCC AGG C-3′) were labeled with [γ-32P] ATP using T4 polynucleotide
kinase and were purified in Bio-Spin chromatography columns (Bio-Rad, Hercules, CA).
Twenty five micrograms of nuclear protein were preincubated with EMSA buffer (12 mM
HEPES (pH 7.9), 4 mM Tris-HCl (pH 7.9), 25 mM KCl, 5 mM MgCl2, 1 mM EDTA, 1 mM
DTT, 50 ng/ml poly(d(I-C)), 12% glycerol (v/v), and 0.2 mM PMSF) on ice for 10 min
before addition of the radiolabeled oligonucleotide for an additional 10 min. The specificity
of the binding reaction was determined by co-incubating the samples with 10 fold excess of
unlabeled oligonucleotide (competition assay) or anti-p65 antibody (supershift assay).
Protein-nucleic acid complexes were resolved using a nondenaturing polyacrylamide gel
consisting of 5% acrylamide (29/1 ratio of acrylamide/bisacrylamide) and were run in 0.5x
TBE (45 mM Tris-HCl, 45 mM boric acid, and 1 mM EDTA) for 1 h at constant current (30
mA). Gels were transferred to Whatman 3M paper (Clifton, NJ), dried under a vacuum at
80°C for 1 h, and exposed to photographic film at -70°C with an intensifying screen.
Densitometric analysis was performed using ImageQuant (Molecular Dynamics, Sunnyvale,
CA).

Assay of IKK activitiy
IKK activity was determined by immune complex kinase assay and was estimated as the
ability to phosphorylate GST-IκBα as previously described (24). After immunoprecipitation
of lysate with specific Ab directed to IKKγ, the immunoprecipitate was incubated for 30
min at 30°C in 40 μl of reaction buffer (25 mM HEPES (pH 7.6), 20 mM MgCl2, 20 mM
glycerol phosphate, 0.1 mM sodium orthovanadate, 2 mM DTT, 25 μM ATP, and 5 μCi
[γ-32P]ATP). GST- IκBα1–54 (4 μg) was used as substrate for the IKK complex. Reaction
products were separated by SDS-PAGE and visualized by autoradiography. Densitometric
analysis was performed using ImageQuant (Molecular Dynamics, Sunnyvale, CA).

Immunoprecipitation
Cytosolic extracts were immunoprecipitated with primary antibody against IKKγ with
protein AG-sepharose beads overnight at 4°C. The immune complexes were separated
electrophoretically in a 10% Tris-glycine gel and transferred to a nitrocellulose membrane.
For immunoblotting, membranes were incubated with primary antibody against PPARγ. To
assess loading, membranes were also incubated with antibody against IKKγ. Densitometric
analysis of the blots was performed using ImageQuant (Molecular Dynamics, Sunnyvale,
CA).

Materials
The primary antibodies directed against IκBα, IKKγ, p65 and oligonucleotide
corresponding to NF-κB consensus sequence were obtained form Santa Cruz Biotechnology
(Santa Cruz, CA). The primary antibody against PPARγ was obtained from Affinity
Bioreagents (Golden, CO). Ciglitazone was obtained from Biomol (Plymouth Meeting, PA).
All other chemicals were purchased from Sigma-Aldrich (St. Louis, MO).
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Data Analysis
Data was analyzed using SigmaStat for Windows Version 3.10 ( SysStat Software, San Jose,
CA). MAP values are expressed as mean ± SD; the remainder of the values in the figures
and text are expressed as mean ± SEM of n observations, where n represents the number of
animals in each group. Specifically, MAP results were analyzed using a general linear model
for repeated measures allowing for missing data. For the remainder of the data analysis a
two factor ANOVA or a one way ANOVA followed by Bonferroni correction was utilized.
A value of p < 0.05 was considered significant.

RESULTS
Effect of Ciglitazone on MAP and Plasma Lactate Levels

Both ciglitazone and vehicle-treated rats had similar MAP at baseline (122.55±8 vs.
127.41±13.6 mmHg) and during hemorrhagic shock (52±1.4 vs. 51.7±0.7 mmHg) (Fig. 1).
Rats in both groups underwent the same degree of hemorrhage (ciglitazone 49.7±5% vs.
vehicle 48.8±3.11 % total blood volume). At 1h, 2h and 3h following resuscitation
ciglitazone-treated rats had significantly higher MAP compared to vehicle-treated rats (Fig.
1). At the end of the experiment, ciglitazone-treated rats had higher MAP (89.5±9.2 mmHg)
when compared to vehicle-treated (69.4±17.8 mmHg; p < 0.05). At 1h following
resuscitation, plasma lactate levels were significantly lower in the ciglitazone-treated rats
when compared to the vehicle-treated group (8.51±2.53 vs. 1.67±0.13 μmol/ml, p < 0.05)
(Fig. 2).

Effect of Ciglitazone on Plasma Cytokine and Chemokine Levels
Plasma IL-6, IL-10 and MCP-1 levels were measured at 1h, 2h and 3h following
resuscitation. Vehicle-treated rats had a significant increase in cytokine and chemokine
levels following resuscitation when compared to rats that underwent sham surgery (Fig. 3).
In contrast, ciglitazone treatment attenuated this increase in cytokine and chemokine levels
following resuscitation (Fig. 3).

Effect of Ciglitazone on Plasma Glucose Levels
Since thiazolidinediones are commonly used as oral hypoglycemic agents, we tested
whether ciglitazone might have an effect on glucose levels. Glucose levels in rats that
underwent sham surgery were 157±5.8 mg/dl. At the end of hemorrhage and resuscitation,
plasma glucose levels were 118±21.8 mg/dl in vehicle-treated rats and 177±28.4 mg/dl in
ciglitazone-treated rats.

Effect of Ciglitazone of Lung Histopathology
Following hemorrhage and resuscitation vehicle-treated rats had a significant alteration of
lung architecture as demonstrated by alveolar disruption, interstitial swelling and
inflammatory cell infiltration when compared to sham rats (Fig. 4). Also notable was the
margination of neutrophils along the walls of pulmonary blood vessels. In contrast,
ciglitazone-treatment attenuated the changes in lung architecture and inflammatory cell
infiltration (Fig. 4).

Effect of Ciglitazone on Lung Neutrophil Infiltration
Following severe hemorrhage and shock, multiple organ failure is a serious complication
and is characterized by the accumulation of neutrophils in various organs. The lung is one of
the organs predominantly affected. We evaluated lung neutrophil infiltration by measuring
myeloperoxidase activity at 1h, 2h and 3h following resuscitation. Vehicle and ciglitazone-
treated rats had a significant increase in myeloperoxidase activity following resuscitation
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when compared to rats that underwent sham surgery (Fig. 5). However, ciglitazone-treated
rats had significantly lower myeloperoxidase activity at 1h, 2h and 3h following
resuscitation when compared to vehicle-treated rats (Fig. 5).

Effect of Ciglitazone on the NF-κB pathway in the Lung
Since NF-κB represents a major transcription factor implicated in the inflammatory
response, we investigated the effect of ciglitazone on NF-κB DNA binding in the lung. In a
time-course EMSA, vehicle-treated rats had an increase in NF-κB DNA binding following
resuscitation. By densitometric analysis, this increase was most notable at 1h following
resuscitation and declined thereafter. In contrast, ciglitazone-treated rats did not have any
increase in NF-κB DNA binding following resuscitation (Fig. 6).

Since activation of IKK followed by IκBα degradation is a prerequisite for the nuclear
translocation and DNA binding of NF-κB, we determined IKK activity and IκBα
degradation in the cytosol. In a time-course analysis, vehicle-treated rats had increased IκBα
degradation at 1h after resuscitation followed by progressive replenishment of IκBα content
(Fig. 6). This was associated with increased activity of IKK as early as 1h after resuscitation
(Fig. 6). In a similar time-course analysis, ciglitazone treatment inhibited degradation of
IκBα and activity of IKK (Fig. 7).

Effect of Ciglitazone on IKK and PPARγ Interaction in the Lung
Since the inhibitory effects of ciglitazone treatment following resuscitation on the NF-κB
pathway appeared to be a consequence of altered IKK activity in the cytosol, we
investigated the mechanism by which PPARγ may inhibit IKK. To this aim, we investigated
whether there was a physical association between IKK and PPARγ. To demonstrate this,
lung cytosol fraction was immunoprecipitated with an antibody against IKKγ and,
subsequently, probed with an antibody to PPARγ. Interestingly, we observed a constitutive
physical association between IKK and PPARγ at basal levels, i.e. in sham rats (Fig. 8). At
1h after resuscitation, there seemed to be a decrease in IKK and PPARγ association in the
vehicle-treated rats (Fig. 8). In contrast, treatment with ciglitazone maintained this PPARγ/
IKK interaction (Fig. 8).

DISCUSSION
The beneficial role of PPARγ ligands in reducing organ injury in an in vivo model of
hemorrhagic shock has been demonstrated previously (13). Our study represents the first
investigation to elucidate the molecular mechanisms by which ciglitazone, a PPARγ ligand,
modulates the inflammatory response following hemorrhagic shock in a rodent. In our
model treatment with ciglitazone, when given following hemorrhage, ameliorated MAP and
blunted the inflammatory response as evidenced by a reduction in cytokine and chemokine
levels. Treatment with ciglitazone also reduced lung neutrophil infiltration, that was
associated with a reduction in nuclear NF-κB DNA binding.

Ciglitazone treatment ameliorated hypotension following resuscitation when compared to
vehicle-treated rats, as evidenced by significantly higher MAP during the resuscitation
phase. Similar to our study, in a rodent model of hemorrhagic shock 15d-PGJ2 has been
shown to exert a positive effect on blood pressure (13). This amelioration of blood pressure
following administration of PPARγ ligands has been shown in other models of
inflammation such as polymicrobial sepsis and myocardial ischemia/reperfusion (16, 25). Of
note, ciglitazone when administered to normal rats does not have any effects on blood
pressure (16). Therefore, the hemodynamic effect of ciglitazone may be linked to the drug's
ability to resolve the inflammatory response. Nevertheless, we cannot exclude other
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mechanistic effects for the improvement of blood pressure in ciglitazone-treated rats. For
example, PPARγ activation has been shown to ameliorate contractile function by improving
glucose utilization and cardiac energetics in the myocardium of diabetic animals (26).

Plasma lactate is a commonly used marker as an endpoint for resuscitation for patients in
shock. Additionally, both initial lactate levels and the duration of hyperlactatemia have been
shown to correlate with organ failure in trauma patients (27, 28). The most likely cause of
hyperlactatemia following hemorrhage appears to be epinephrine mediated upregulation of
lactate production from skeletal muscle (29, 30). In our study, ciglitazone-treated rats had
significantly lower lactate levels when compared to vehicle-treated rats at 1h following
resuscitation; while, thereafter, lactate levels declined similarly in both groups. The exact
mechanism for the observed difference in lactate levels at 1h following resuscitation with
ciglitazone is unclear. However, since PPARγ has an important role in glucose homeostasis,
it is possible that ciglitazone treatment causes better glucose utilization and metabolism or
improved hepatic clearance. For example, in a model of myocardial ischemia/reperfusion
administration of another thiazolidinedione, troglitazone, has been shown to improve lactate
clearance by increased myocardial uptake (25). Additionally, therapeutic approaches with
insulin in hemorrhagic shock have been shown to improve hepatic energetics (31).

In addition to modulation of glucose metabolism, PPARγ has been shown to be a negative
regulator of the inflammatory response (8). For example, PPARγ ligands have been shown
to suppress cytokine production and macrophage activation in vitro (10, 11). Similar results
have been demonstrated in models of polymicrobial sepsis and ischemia/reperfusion injury
in vivo (16, 32). Interestingly, the anti-inflammatory effects of PPARγ ligands appear to be
related to inhibition of signal transduction pathways independent of their effects on glucose
metabolism. Hemorrhagic shock sets up a systemic inflammatory response that is
characterized by the production of cytokines and chemokines. In comparison to vehicle
treatment ciglitazone reduced the severity of this response. Ciglitazone-treated animals had
lower plasma levels of pro-inflammatory mediators IL-6 and MCP-1. Interestingly,
treatment with ciglitazone also reduced plasma levels of IL-10. Although this cytokine has
been reported to function as an anti-inflammatory mediator, several clinical studies have
demonstrated that IL-10 levels correlate closely with severity of injury (33, 34). On the
contrary, similarly to our findings, several experimental studies have demonstrated that
amelioration of organ function and reduction of systemic inflammation is associated with a
decrease in IL-10 levels (35, 36).

Lung injury is a major consequence of hemorrhagic shock; neutrophils being a major cell
type incriminated in this response (37). Ciglitazone-treated animals had reduction in lung
neutrophil infiltration following resuscitation when compared to vehicle-treated animals. In
support of our current findings, other PPARγ ligands, including ciglitazone, have been
shown to suppress neutrophil responses to chemotactic factors and to modulate endothelial
cell expression of adhesion molecules in vitro. Additionally, PPARγ ligands have been
shown to reduce lung neutrophil infiltration during polymicrobial sepsis and ischemia-
reperfusion injury in vivo (14, 16, 38-41). In our study we also demonstrated a reduction in
plasma MCP-1 levels after ciglitazone treatment. However, we did not measure levels of the
keratinocyte-derived chemokine (KC), a major chemokine that is involved in neutrophil
trafficking. Nevertheless, there is experimental evidence that MCP-1 may participate in
neutrophil accumulation in distant organs by regulating KC production during trauma-
hemorrhage (42). Although, the exact link between the cytokine/chemokine responses and
lung neutrophil infiltration in our study is not completely defined, our data suggest that
reduction in MCP-1 production after ciglitazone treatment may contribute to a reduction in
lung neutrophil infiltration.

Chima et al. Page 7

Crit Care Med. Author manuscript; available in PMC 2013 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Activation of the NF-κB pathway has been shown to occur early following both hemorrhage
and resuscitation, and play a major role in lung injury (19, 43). In our study, NF-κB DNA
binding increased in the lung 1h after resuscitation in vehicle-treated rats, whereas
ciglitazone treatment prevented this increase. The inhibitory effect of ciglitazone on NF-κB
appeared to be secondary to inhibition at the cytosol level of the kinase, IKK. Although
PPARγ ligands, such as 15d PGJ2, have been described to have a direct PPARγ–
independent effect on IKK (44); ciglitazone has not been demonstrated to have a similar
effect. On the other hand, PPARγ has been demonstrated to directly affect mitogen-
activated protein kinases. For example, in a murine model of colitis PPARγ heterozygous
mice had a reduction in phosphorylation of c-Jun amino-terminal kinase (JNK) and p38
(45). Similarly, a recent study using an adipocyte cell line demonstrated inhibition of JNK
by rosiglitazone and these effects were PPARγ mediated (46). Additionally, kinases have
been demonstrated to physically interact with PPARγ. In a recent study, MEK has been
shown to downregulate PPARγ by direct interaction in human embryonic kidney cells (47).
In our study, we demonstrated that at basal normal conditions PPARγ interacted with IKK
in the lung. This physical association was paralleled by reduced kinase activity. After
hemorrhage and resuscitation, a reduction of this PPARγ/IKK complex correlated with high
IKK activity. Ciglitazone treatment restored this PPARγ/IKK interaction. Our study is the
first to demonstrate such an effect of PPARγ on the NF-κB signaling pathway in vivo.
There is some data to suggest the plausibility of this finding. Firstly, the cytosolic
localization of PPARγ, a nuclear receptor, has been previously demonstrated (48, 49).
Additionally, there is evidence that interaction of PPARγ with a kinase, such as MEK may
cause translocation of PPARγ from the nucleus to the cytosol (47). Our
immunoprecipitation experiments attempted to define the mechanism by which ciglitazone
might inhibit IKK during hemorrhagic shock; however, the exact nature of this protein
complex is unclear. Whether other proteins such as phosphatases or kinases may be involved
needs to be further investigated. Also, we cannot exclude the possibility of PPARγ
inhibiting NF-κB signaling at a nuclear level. PPARγ has been shown to directly
transrepress NF-κB in a DNA-binding independent manner. These actions may be mediated
through binding of co-activators or directly binding to NF-κB subunits p65 and p50 (50, 51).
Further studies would be needed to elucidate the exact molecular mechanisms by which
PPARγ inhibits the NF-κB pathway in the lung following severe hemorrhage and
resuscitation.

Our study has some limitations. There is considerable variation in cytokine and chemokine
levels following resuscitation even in consideration of remarkable NF-κB inhibition.
Although gene expression of these mediators may be mediated by NF-κB activation, we
cannot exclude that other cellular complex mechanisms may regulate protein synthesis and
therefore final content, such as mRNA stability and turnover. Whether ciglitazone may also
affect these processes is not known. Our choice of ciglitazone, as a PPARγ ligand, in this
study was based on previous studies demonstrating in vivo anti-inflammatory effects (16,
22). Whether other PPARγ ligands would have similar effects in hemorrhagic shock has not
yet been investigated. For clinical relevance, additional PPARγ ligands with different
structures would need to be studied.

CONCLUSION
Our current study represents the first to explore the possible molecular mechanisms by
which ciglitazone, a PPARγ ligand, ameliorates the inflammatory response in the lung
following severe hemorrhage. These protective effects appear to be mediated through
inhibition of the pro-inflammatory NF-κB pathway. Of clinical relevance, the effects of
ciglitazone were demonstrated when given as a treatment following hemorrhagic shock.
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Since thiazolidinediones are currently FDA approved for human use, other drugs belonging
to this group may represent a therapeutic option in treating trauma/shock conditions.
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Figure 1. Effect of in vivo treatment with vehicle (DMSO) or ciglitazone on MAP in rats
subjected to hemorrhage and resuscitation
Following resuscitation, in the vehicle group n=10, 7, 4 rats at 1h, 2h and 3h respectively.
Following resuscitation, in the ciglitazone group n=15, 10, 5 rats at 1h, 2h and 3h
respectively. Each data point represents the mean ± SD of 4 to 10 rats in the vehicle-group
and 5 to 15 rats in the ciglitazone-treated group. Vehicle (DMSO) or ciglitazone (10 mg/kg)
was administered IP at resuscitation and hourly thereafter. Arrows indicate time of
ciglitazone or vehicle administration. *p < 0.05 vs. vehicle treated rats.
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Figure 2. Effect of in vivo treatment with vehicle (DMSO) or ciglitazone on plasma lactate levels
(μmol/ml) in rats subjected to hemorrhage and resuscitation
Each data point represents the mean ± SEM of 3 to 5 rats. Basal level represents level in
sham rats, *p < 0.05 vs. vehicle treated rats.
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Figure 3. Effect of in vivo treatment with vehicle (DMSO) or ciglitazone on plasma levels of IL-6,
IL-10 and MCP-1 (pg/ml) in rats subjected to hemorrhage and resuscitation
Each data point represents the mean ± SEM of 3 to 5 rats. Basal level represents level in
sham rats, *p < 0.05 vs. vehicle-treated rats.
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Figure 4. Effect of in vivo treatment with vehicle (DMSO) or ciglitazone on lung histology at 3h
after resuscitation
(A) Representative photomicrograph of histology showing normal lung architecture from a
sham rat (magnification 100×). (B) Representative photomicrograph of histology showing
normal alveolar architecture from a sham rat (magnification 400×). (C) Representative
photomicrograph of histology showing a normal lung blood vessel from a sham rat
(magnification 400×). (D) Representative photomicrograph of histology showing disruption
of lung architecture in a vehicle-treated rat (magnification 100×). (E) Representative
photomicrograph of histology showing alveolar damage with inflammatory cell infiltration
in a vehicle-treated rat (magnification 400×). (F) Representative photomicrograph of
histology showing a lung blood vessel in a vehicle-treated rat (magnification 400×). (G)
Representative photomicrograph of histology showing amelioration of lung architecture in a
ciglitazone-treated rat (magnification 100×). (H) Representative photomicrograph of
histology showing amelioration of alveolar damage and attenuation of inflammatory cell
infiltration in a ciglitazone-treated rat (magnification 400×). (I) Representative
photomicrograph of histology in a lung vessel in a ciglitazone-treated rat (magnification
400×). Similar histology was seen in different tissue sections (n= 3-5) in each experimental
group.
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Figure 5. Effect of in vivo treatment with vehicle (DMSO) or ciglitazone on lung myeloperoxidase
activity in rats subjected to hemorrhage and resuscitation
Each data point represents the mean ± SEM of 3 to 5 rats. Basal level represents level in
sham rats, *p < 0.05 vs. vehicle-treated rats.
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Figure 6. Effect of in vivo treatment with vehicle (DMSO) or ciglitazone on NF-κB DNA binding
in lung
(A), Representative autoradiograph of EMSA for NF-κB; (B), Representative
autoradiograph of EMSA with cold competition and supershift, Lane 1 represents hot probe,
Lane 2 represents cold competition, Lane 3 represents supershift with antibody to p65; (C),
image analysis of activation of NF-κB determined by densitometry. The fold increase was
calculated vs. the respective sham value (time zero), which was set at 1.0. Each data point
represents the mean ± SEM of 3 to 5 rats. *p < 0.05 vs. vehicle-treated rats.
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Figure 7. Effect of in vivo treatment with vehicle (DMSO) or ciglitazone on IκBα degradation
and activation of IKK activity in the lung
(A), Representative western blot of IκBα and actin (B), Representative radiograph of IKK
activity and western blot of IKKγ (C), image analysis of enzymatic activity determined by
densitometry. IKK activity was estimated as the ability to phosphorylate GST- IκBα after
immunoprecipitation of proteins with specific anti-IKKγ Ab. The fold increase was
calculated vs. the respective sham value (time zero), which was set at 1.0. Each data point
represents the mean ± SEM of 3 to 5 rats. *p < 0.05 vs. vehicle-treated rats.
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Figure 8. Effect of in vivo treatment with vehicle (DMSO) or ciglitazone on IKK and PPARγ
Interaction in the Lung
(A), Top, Representative radiograph of specific immunoprecipitation study; cytosol extracts
were immunoprecipitated with antibodies against IKKγ (immunoprecipitation, IKKγ) and
subsequently probed with anti-PPARγ antibody (Western blot, PPARγ). Middle,
Representative radiograph of immunoprecipitation study to assess loading; cytosol extracts
were immunoprecipitated with antibodies against IKKγ (immunoprecipitation, IKKγ) and
subsequently probed with antibody against IKKγ (Western blot, IKKγ). Bottom,
Representative radiograph of control immunoprecipation study; cytosol extracts were
immunoprecipitated with nonspecific preimmune goat serum (immunoprecipitation, goat
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IgG) and subsequently probed with anti-PPARγ antibody (Western blot, PPARγ). (B),
Image analysis of IKKγ/PPARγ interaction at 1h following resuscitation by densitometry
(n=3 rats in sham and vehicle group, n=4 rats in ciglitazone group, data from 2 separate
experiments). Sham was set at 1.0. *p < 0.05 vs. vehicle-treated rats.
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