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Abstract
Objective—The incidence of multiple organ failure in pediatric trauma victims is lower than in the
adult population. However, the molecular mechanisms are not yet defined. We investigated whether
the pathophysiologic characteristics of hemorrhage-induced lung injury may be age-dependent and
may be regulated by the peroxisome proliferator activator receptor γ (PPARγ).

Design—Prospective, laboratory investigation that used an established rodent model of
hemorrhagic shock.

Setting—University hospital laboratory.

Subjects—Young (n=67; 3–5 months old) and mature (n=66; 11–13 months old) male rats.

Interventions—Hemorrhagic shock was induced in young and mature rats by withdrawing blood
to a mean arterial blood pressure of 50 mmHg. After 3 hrs, rats were rapidly resuscitated by infusing
the shed blood and sacrificed 3 hrs thereafter.

Measurements and Main Results—In young rats, lung injury was characterized by
accumulation of red cells and neutrophils at the end of the resuscitation period; at Western blot
analysis, lung expression of intercellular adhesion molecule-1 (ICAM-1) was increased. In contrast,
the severity of lung injury was more pronounced in mature rats. Lung myeloperoxidase activity and
expression of constitutive and inducible ICAM-1 was significantly higher in mature rats when
compared to young rats. Mature rats also had higher plasma levels of cytokines and chemokines
when compared to young rats. This heightened inflammation was associated with higher degree of
activation of nuclear factor-κB and down-regulation of PPARγ and heat shock factor-1 in the lung
of mature rats when compared to young rats. Treatment with the PPARγ ligand, the cyclopentenone
prostaglandin 15-deoxy-Δ12,14-prostaglandin J2, ameliorated lung injury in young, but not in mature
animals.

Conclusions—Lung injury after severe hemorrhage is age-dependent and may be secondary to a
diverse regulation of PPARγ.
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INTRODUCTION
Shock consequent to trauma and severe hemorrhage is a systemic inflammatory response
characterized by hemodynamic and metabolic derangements that may result in multiple organ
dysfunction syndrome (MODS) and death. This clinical scenario is characterized by an
overwhelming production of inflammatory mediators and by migration and sequestration of
activated neutrophils into tissues and organs. A common clinical observation is that pediatric
patients have lower incidence of MODS than adult trauma victims (1,2). In addition to the
incidence, the character of MODS in pediatric victims is different from adults. For example,
traumatized pediatric patients appear to have lower incidence of acute respiratory distress
syndrome and to recover faster than adult victims. This is different from adults, who usually
require assisted ventilation, complex intensive care and a long-term recovery period (weeks or
months) (1,3). Despite these observations, no scientific data are available to support whether
molecular mechanisms of the systemic inflammatory response and development of lung injury
are age-dependent.

Production of endogenous pro-inflammatory mediators and expression of adhesion molecules
and chemokines is regulated at the transcriptional level by a rapid activation of the transcription
nuclear factor-κB (NF-κB). Enhanced DNA binding of NF-κB has been demonstrated in the
lung and appears to contribute to the development of acute lung injury after hemorrhage in
experimental animals (4–6). On the contrary, in conditions of oxidative stress the heat shock
transcriptor factor-1 (HSF-1) attempts to provide cytoprotection in several organs against
inflammatory insults through increased expression of heat shock proteins (HSPs) (7).

Peroxisome proliferator activated receptor-γ (PPARγ) is a nuclear receptor that functions
directly as a transcription factor to control gene regulation for adipocyte proliferation, glucose
homeostasis and atherosclerosis (8). Experimental studies also support a modulatory role for
PPARγ in inflammation in several tissues and organs, including the lung. In this regard,
PPARγ ligands, such as the synthetic thiazolidinediones and the natural cyclopentenone
prostaglandin 15-deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2), have been shown to ameliorate
lung injury during sepsis or endotoxin challenge in young mice and rats (11–14). This
protective effect appeared to be related to inhibition of NF-κB (8,11–12) and activation of the
heat shock response (12).

Based on these previous findings, aim of our study was to determine whether the severity of
the lung inflammatory response during hemorrhagic shock is age-dependent and is modulated
at the nuclear level by a diverse regulation of the PPARγ pathway.

MATERIALS AND METHODS
Hemodynamic Parameters Measurement

The investigation conformed with the Guide for the Care and Use of Laboratory Animals
published by US 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 (Charles River laboratories, Wilmington MA) weighing 225–275 g (3–5 months
old, n=67) were included in the young group; rats weighing 500–700 g (11–13 months old,
n=66) were included in the mature group. The animals were anesthetized with thiopentone
sodium (70 mg/kg) intraperitoneally (i.p.). The trachea was cannulated to facilitate respiration
and temperature was maintained at 37° C using a homeothermic blanket. The right carotid
artery was cannulated (PE-50 tubing) and connected to a pressure transducer for the
measurement of mean arterial blood pressure (MABP) and heart rate (HR). The right femoral
artery was cannulated for withdrawal of blood. The cardiac output (mL/min) was also measured
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by thermodilution technique (15). Briefly, a thermistor was passed into the carotid artery and
advanced to the aortic arch. A thermal indicator (0.1 mL of normal saline at room temperature)
was then injected into the right atrium via an 8-cm length of PE-50 tubing placed in the jugular
vein. The pressure transducer and the cardiac output pod were connected to a Maclab A/D
converter (AD instruments, Milford, MA, USA). The cardiac index (CI, mL/min/100 g), total
peripheral resistance index (TPRI, mmHg/mL/min 100 g) and stroke volume index (SVI, ml/
100 g) were then calculated from the computed integral values of thermodilution curves using
standard arithmetic formulae.

Hemorrhagic Shock Model
Upon completion of the surgical procedure, cardiovascular parameters were allowed to
stabilize for 15 min and animals received heparin (100 IU/kg) to facilitate hemorrhage.
Hemorrhagic shock was performed as previously described using an experimental protocol of
pressure-controlled hemorrhage (16) by withdrawing blood (approximately 0.5 ml/min) from
the femoral artery into a reservoir until MABP stabilized at 50 mmHg (Fig. 1). Shed blood
volume was 8.5±1.7 ml in young rats, and 14.3±1.8 ml in the mature group and corresponded
approximately to 45% and 33% of total blood volume in young and mature rats, respectively.
After this initial bleeding, additional small volumes of blood were withdrawn or re-transfused
as necessary to maintain MABP at 50 mmHg. At 3 hrs after hemorrhage, rapid resuscitation
was performed by transfusing the shed blood over a 5 min period. If small volumes of blood
were needed to be re-transfused during the hypoperfusion period to maintain MABP at 50
mmHg, rapid resuscitation was performed by transfusing the remaining shed blood
supplemented with Ringer lactate solution to a final volume of fluids equal to the initial total
shed blood. Animals were divided in 4 groups: 1) in the Vehicle-Hemorrhagic Shock group,
rats (young n=30; old n=35) received vehicle (100% dimethyl sulfoxide) instead of the
PPARγ ligand; 2) in the 15d-PGJ2 (0.5 mg)-Hemorrhagic Shock group, rats (young n=27; old
n=21) received the PPARγ ligand at 0.5 mg/kg; 3) in the 15d-PGJ2 (1 mg/kg)-Hemorrhagic
Shock group, rats (young n=5; old n=5) received the PPARγ ligand at 1 mg/kg; 4) in the
Sham group, rats (young n=5; old n=5) served as control at time 0 and underwent similar
surgical preparation but were not bled. The PPARγ ligand or vehicle was administered i.p. as
a bolus at the beginning of resuscitation and every hour thereafter. Time-course experiments
were performed in the Vehicle-Hemorrhagic Shock and in the 15d-PGJ2 (0.5 mg)-Hemorrhagic
Shock groups. Animals (n=3–16 for each time point) were sacrificed at 1, 2, 3 hrs after the
hemorrhage during the hypoperfusion period and at 15 min, 30 min, 1, 2 and 3 hrs after the
transfusion (Fig. 1). Plasma samples and lungs were collected for the histological and
biochemical studies described below.

Myeloperoxidase Activity
Myeloperoxidase activity was determined as an index of neutrophil accumulation in lungs. It
was defined as the quantity of enzyme degrading 1 µmol of hydrogen peroxide/min at 37°C
and expressed in units per 100 mg tissue (11).

Plasma Levels of Cytokines and Chemokines
Plasma levels of TNFα were evaluated by commercially available solid-phase sandwich ELISA
kits (R&D Systems, Minneapolis, MN), using the protocol recommended by the manufacturer.
Plasma levels of IL-1β, IL-6, IL-10, keratinocyte-derived (KC) chemokine, and monocyte
chemoattractant protein-1 (MCP-1) were determined by a multiplex array system (Linco-
Research, St. Charles, MO).
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Histopathological Analysis
Lungs were fixed in 4% paraformaldehyde and embedded in paraffin. Sections were stained
with hematoxylin and eosin and evaluated by three independent observers unaware of the
experimental protocol. Specifically, lung injury was analysed by a semi-quantitavive score as
previously reported (13,14) based on the following histologic features: a) alveolar congestion;
b) hemorrhage; c) infiltration or aggregation of neutrophils in airspace or vessel wall; and d)
thickness of alveolar wall/hyaline membrane formation. Each feature was graded from 0 to 4
(i.e., absent, mild, moderate or severe). The four variables were summed to represent the lung
injury score (total score, 0–16).

Subcellular Fractionation and Nuclear Protein Extraction
Lung samples were homogenized with a Polytron homogenizer 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 phenylmethanesulfonyl
fluoride, 50 mM NaF, 1 mM sodium orthovanadate, 0.4 nM microcystin. The homogenates
were centrifuged (1,000 × g, 10 min) and the supernatant (cytosol + membrane extract) was
collected for evaluation of ICAM-1 as described below. 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, 0.2 mM phenylmethanesulfonyl fluoride).
The lysates were centrifuged (15,000 × g, 30 min, 4°C), and the supernatant (nuclear extract)
was collected for evaluation of content of PPARγ, and DNA binding of PPARγ, NF-κB and
HSF-1.

Western Blot Analysis
Nuclear content of PPARγ and cytosol content of ICAM-1 in the lung were determined by
immunoblot analyses on nitrocellulose membranes using primary antibodies against PPARγ
or ICAM-1 and secondary peroxidase-conjugated antibody. Membranes were also reprobed
with primary antibody against β-actin to ensure equal loading samples. Immunoreaction was
visualized by chemiluminescence. Densitometric analysis of blots was performed using
ImageQuant (Molecular Dynamics, Sunnyvale, CA).

Electrophoretic Mobility Shift Assay (EMSA)
EMSAs were performed as previously described (11). Oligonucleotide probes corresponding
to NF-κB consensus sequence (5’-AGT TGA GGG GAC TTT CCC AGG C-3’), to HSF-1
consensus sequence (5’-GCC TCG AAT GTT CGC GAA GTT TCG-3’) or PPARs consensus
sequence (5’-GAA AAC TAG GTC AAA GGT CA-3’) were labeled with γ-[32P]ATP using
T4 polynucleotide kinase and purified in Bio-Spin chromatography columns (BioRad,
Hercules, CA). Ten µg 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
reactions was determined by co-incubating duplicate nuclear extract samples with 100-fold
molar excess of respective unlabeled oligonucleotides (competitor assays). Supershift assays,
to further determine the specificity of binding, was performed by co-incubating samples with
antibodies corresponding to HSF-1, PPARα, PPARβ/δ or PPARγ. Protein-nucleic acid
complexes were resolved using a non-denaturing polyacrylamide gel consisting of 5%
acrylamide (29:1 ratio of acrylamide:bisacrylamide) and run in 0.5X TBE (45 mM Tris-HCl,
45 mM boric acid, 1 mM EDTA) for 1 h at constant current (30 mA). Gels were transferred to
Whatman 3M paper, 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).
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Materials
The primary antibody directed at ICAM-1 and the oligonucleotides for NF-κB and PPARs
were obtained from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The primary antibody
directed at PPARγ and the compound 15d-PGJ2 was obtained from Biomol Research
Laboratories (Plymouth Meeting, PA). The primary antibody directed at β-actin was obtained
from Abcam (Cambridge, MA). The oligonucleotide probe for HSF-1 corresponded to a
previously published heat shock element consensus sequence (17) and was synthesized by the
University of Cincinnati DNA Core Facility. All other chemicals were from Sigma/Aldrich
(St. Louis, MO).

Data Analysis
Data was analyzed using SigmaStat for Windows Version 3.10 (SysStat Software, San Jose,
CA). 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, hemodynamic data 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 followed by Bonferroni’s correction test was utilized.
Statistical analysis of damage scores was performed using the Mann-Whitney U test. A value
of p < 0.05 was considered significant.

RESULTS
Hemodynamic Parameters during Hemorrhagic Shock

As shown in Table 1, age-related changes in hemodynamic parameters were evident under
basal conditions, as mature rats exhibited higher values of MABP and TPRI, and lower values
of CI and SVI when compared with young rats. At the end of hemorrhage (180 min), MABP,
CI and SVI declined in a similar fashion both in young and mature animals. After blood re-
transfusion, CI and SVI returned toward baseline level in mature rats within the first hour. CI
and SVI were partially recovered in young rats, but did not complete return to baseline. HR or
TPRI did not change significantly during the hypoperfusion or resuscitation period.

Age-Dependent Differences in Cytokine and Chemokine Production
Plasma levels of cytokines and chemokines were measured at the end of hemorrhage period
and at the end of the resuscitation period. Mature rats exhibited a substantial increase in plasma
levels of TNFα at the end of hemorrhage, and IL-1β after resuscitation. Levels of IL-6 were
similar in both groups. Production of IL-10, KC and MCP-1were significantly higher in young
rats (Fig. 2).

Age-Dependent Lung Injury and Neutrophil Infiltration
At histological examination, alveolar space appeared normal in both age groups of rats under
basal conditions. However, sham mature rats exhibited a modest neutrophil infiltration and
thickening of the alveolar walls when compared to young rats. After hemorrhage and
resuscitation in young rats, lung injury was characterized by reduction of alveolar space and
accumulation of inflammatory cells. In mature rats, lung injury was more pronounced with
extravasation of erythrocytes and inflammatory cells (Fig. 3A–D; Fig. 7B for injury score). In
a time-course analysis, we found that myeloperoxidase activity, an index of neutrophil
infiltration, increased in the lung as early as 2 hrs after hemorrhage and was further enhanced
after resuscitation in the young group. Interestingly, the degree of myeloperoxidase activity
was significantly more pronounced in mature rats at basal conditions and after resuscitation
when compared to young rats, thus suggesting a massive neutrophil infiltration (Fig. 3E).
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Age-Dependent Lung Expression of ICAM-1
Since neutrophil recruitment may be regulated by ICAM-1 (18), we evaluated the lung
expression of this adhesion molecule after hemorrhage and resuscitation. Western blot analysis
revealed that lung expression of both constitutive and inducible ICAM-1 was more pronounced
in mature rats when compared to the expression in young animals (Fig. 4). Thus, these data
suggest that an up-regulation of adhesion molecules may be responsible for the massive
neutrophil infiltration observed in mature animals.

Age-Dependent Lung Activation of NF-κB and HSF-1
To investigate the molecular mechanisms underlying the pronounced susceptibility to
hemorrhage of mature animals, we evaluated the activation of NF-κB, a major transcription
factor involved in the signal transduction of inflammatory mediators (19), and the activation
of HSF-1, which regulates the defense mechanism of the heat shock response (7). As shown
in Fig. 5A, DNA binding of NF-κB in the lung of young rats increased at 3 hrs after hemorrhage
and was further enhanced within 15–30 min after resuscitation and declined thereafter. In the
lung of mature rats, activation of NF-κB exhibited similar kinetics, increasing after hemorrhage
and the early period of resuscitation. However, the degree of activation was more pronounced
in the older group of animals (Fig. 5A). On the contrary, in young rats subjected to hemorrhage,
we observed that DNA binding of HSF-1 increased in the lung in a time-dependent manner
after blood resuscitation and was more pronounced when compared with activation of HSF-1
of mature rats (Fig. 5B).

Age-Dependent Lung Expression of PPARγ
As the nuclear receptor PPARγ has been proposed to play a crucial role in the control of the
inflammatory response, we investigated whether induction of hemorrhage was also associated
with changes in PPARγ expression. By Western blot analysis, we observed that nuclear content
of PPARγ in lungs decreased at 3 hrs after induction of hemorrhage, it increased within 1 h
after resuscitation and declined progressively thereafter in young rats. Interestingly, the degree
of downregulation of this receptor was more pronounced in mature rats when compared with
the young group (Fig. 6). Based on the above observations, we next investigated whether down-
regulation of the protein expression is also associated with changes in the DNA binding activity
of PPARγ. As shown in Fig. 6, under basal conditions in the lung of a sham young rat (i.e. at
time 0) there was a constitutive DNA binding activity of PPARγ, while no activity was detected
in the sham old rat, thus confirming the scarce availability of protein as evidenced by Western
blotting. However, in the lung of young rats, DNA binding of PPARγ increased after the end
of hemorrhage and early resuscitation (15 min), declining thereafter and rising again at 2 hrs
after resuscitation. In mature rats, DNA binding activity exhibited similar kinetics when
compared with the young rats. However, the degree of activity was markedly less.

Effect of the PPARγ Ligand 15d-PGJ2 on Hemodynamics and Lung Injury
On the basis of these findings, we examined the potential anti-inflammatory effects of the
natural PPARγ ligand 15d-PGJ2 in hemorrhagic shock. Treatment with 15d-PGJ2 ameliorated
MABP, without altering other hemodynamic parameters, in the young group only. Mature rats
treated with the PPARγ ligand showed similar hemodynamic parameters when compared with
vehicle-treated mature animals (Table 1). Histological examination of lung sections
demonstrated that in vivo treatment with 15d-PGJ2 (0.5 mg/kg i.p.) reduced the cell
engorgement of alveolar spaces of young vehicle-treated rats subjected to hemorrhage (3 hrs)
followed by resuscitation (3 hrs). However, lung architecture remained highly damaged in the
mature group with large infiltration of inflammatory cells and hemorrhage (Fig. 7A–B; see
Fig. 2 for histological comparison with vehicle-treated rats after hemorrhagic shock and sham
control rats). Treatment with 15d-PGJ2 (0.5 mg/kg) significantly reduced myeloperoxidase
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activity in the lung of young rats, but it did not affect neutrophil infiltration in mature rats (Fig.
7C). In order to rule out whether the lack of effect of 15d-PGJ2 on myeloperoxidase activity
in mature rats might be due to the dose used, we treated a group of rats with a higher dose of
the drug (1 mg/kg i.p.). However, even this higher dosage of 15d-PGJ2 was unable to provide
an effect on neutrophil infiltration in mature rats (Fig. 7C).

Effect of the PPARγ Ligand 15d-PGJ2 on Lung NF-κB, PPARγ and HSF-1 DNA Binding
To elucidate the mechanisms accounting for the protective effects of 15d-PGJ2 in young
animals, DNA binding of PPARγ, NF-κB and HSF-1 was determined in lung nuclear extracts.
Treatment with 15d-PGJ2 caused an early increase of PPARγ DNA binding (i.e., at 15 and 30
min after resuscitation), which was associated with significant reduction of DNA binding
activity of NF-κB when compared with vehicle treatment in young rats. Treatment with 15d-
PGJ2 also caused a significant increase in DNA binding of HSF-1 in young rats in comparison
with vehicle-treated rats. In contrast, administration of 15d-PGJ2 to the mature animals did not
affect DNA binding of PPARγ, NF-κB or HSF-1 when compared to vehicle-treated mature
rats (Fig. 8).

DISCUSSION
The co-morbidity of chronic inflammatory diseases, health habits and the different therapeutic
management of trauma victims may concur with the clinical variability of lung injury in adults
when compared to pediatric patients. The likelihood of developing MODS also depends on the
magnitude of the initial insult (2). However, since no predictable correlation exists between
the initial trauma event and the occurrence of MODS, it is possible that other intrinsic factors
of the victim are involved and may be age-dependent. Our study demonstrates that the severity
of the systemic inflammatory response and lung injury during hemorrhagic shock is age-
dependent and is regulated at the nuclear level by changes in expression and function of
PPARγ and by changes of its interaction with other signal transduction pathways. Specifically,
we have demonstrated that PPARγ is downregulated in the lung as a function of age under
normal physiological conditions. After severe hemorrhage, in older rats there is a further
marked suppression of PPARγ expression and activation, which correlates with acute lung
injury. This age-dependent response appears to be secondary to a diverse regulation of the
signaling pathways of NF-κB and HSF-1. Treatment with 15d-PGJ2, a PPARγ ligand, represses
the inflammatory response in the lung of young animals but fails to achieve cytoprotective
effects in adult animals.

To mimic the clinical situation of severe trauma in adult and pediatric patients we have chosen
an experimental model of hemorrhagic shock in young and mature rats. Although it is difficult
to establish the exact correlation of the human age versus the rodent age, longevity and growth
are considered reliable operational criteria to select a model for age-related investigations
(20). Since the median life length for a population of Wistar rats ranges from 26 to 29 months
(21), it is plausible that young rats (3–5 months old) may correspond to a pediatric population
of 8–14 years old, while mature rats (11–13 months old) may correspond to an adult human
population of 35–50 years old. In this experimental setting, the amount of blood loss and,
therefore, the degree of hypoperfusion may also contribute to the severity of the inflammatory
response. To avoid this variability, we adopted a model of pressure-controlled hemorrhage
(22), which allowed maintaining a low constant mean arterial blood pressure (50 mmHg for 3
hrs) to induce hypoperfusion. In our study, age-related changes in hemodynamic parameters
were evident under basal conditions, and were consistent with changes observed by others in
the rat (23–25). Mature animals were hypertensive, with slower HR and decreased CI and SVI
when compared with young animals. Nevertheless, the sequential cardiovascular response to
hemorrhage was similar in both age groups and was characterized by a marked decline (50–
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60%) in CI and SVI, while TPRI and HR were maintained. In both age groups, blood
replacement appeared to partially restore MABP via increase in CI rather than TPRI, thus
suggesting that cardiac function was still preserved. Although it has been reported that age-
related cardiovascular changes in aging animals do not alter mass perfusion rate in tissues under
basal conditions (26), we cannot rule out that blood flow distribution in major organs might
differ during hemorrhage and contribute to injury. Nevertheless, our results provide evidence
that in the experimental population (i.e., 11–13 months old) age may be an independent risk
factor of the overwhelming inflammatory response in hemorrhagic shock, further supporting
the clinical findings observed in humans >55 years old (27).

Previously, we have reported that PPARγ expression is a function of the inflammatory
response, as PPARγ is downregulated in the bronchial epithelium and in the endothelium of
thoracic aortas in rats subjected to polymicrobial sepsis (11). PPARγ expression and DNA
binding are also markedly reduced in lungs of mice subjected to endotoxic shock and are
associated with massive lung injury and neutrophil infiltration (12,13). Other laboratories also
support the hypothesis that PPARγ is downregulated during inflammation. PPARγ expression
is reduced in adipose tissue (9) and in the heart (28) in mice subjected to endotoxin
administration, and in the liver of rats subjected to sepsis by cecal ligation and puncture (29)
or double-hit hemorrhage and sepsis (30). In this current study, we found that lung expression
of PPARγ was also a function of age. After hemorrhage, lung PPARγ expression markedly
declined in both young and mature rats; however this downregulation was more pronounced
in mature animals and was associated with a more severe inflammatory response when
compared to young animals. Interestingly, kinetics of PPARγ DNA binding did not exactly
reflect the kinetics of protein expression as evaluated by Western blot analysis. These data
suggest that other factors, other than total nuclear availability of the protein, may also regulate
binding activity of PPARγ during hemorrhagic shock, such as availability of endogenous
ligands and alteration of protein conformation by post-translational mechanisms. However,
because of the age-dependent scarce availability of the receptor in mature rats, the treatment
with the PPARγ ligand 15d-PGJ2 did not afford any protective effect after severe hemorrhage
even at very high dosages. On the contrary, in our study, 15d-PGJ2 ameliorated lung injury in
young rats. Treatment with 15d-PGJ2 also ameliorated MABP, without altering other
hemodynamic parameters, in the young group only. Similar beneficial effects of PPARγ ligands
have been reported in hemorrhagic shock in experimental young animals (31–33).

It has been proposed that PPARγ plays a crucial role in the control of the inflammatory response
by complex interactions with other signaling mechanisms (8). One potential anti-inflammatory
mechanism of PPARγ involves the transrepression of the NF-κB pathway (8). The role of NF-
κB as an important nuclear regulator in the development of acute lung injury has previously
been described during hemorrhagic shock (4–6). Further studies have suggested the
pathophysiological role of NF-κB, since in vivo NF-κB inhibition can afford protective effects
in rodents subjected to severe hemorrhage (34–36). In our study, we have demonstrated that
nuclear binding of NF-κB is a very early event during hemorrhage and resuscitation and
precedes infiltration of neutrophils in the lung. Interestingly, the degree of DNA binding for
NF-κB was diminished in young rats when compared to mature animals. In vivo treatment with
the PPARγ ligand 15d-PGJ2 further reduced this binding in young rats. However, in our study
we did not completely define the inhibitory mechanism of 15d-PGJ2 on NF-κB activation. Our
previous experiments have shown that the anti-inflammatory properties of 15d-PGJ2 are also
secondary to inhibition of the upstream inhibitor κBα kinase (IKK) (11). Of interest, we have
recently observed that PPARγ has a direct inhibitory effect on IKK, and ciglitazone, another
PPARγ ligand, affords lung protection by maintaining a PPARγ/IKK complex during
hemorrhagic shock in young rats (33). Furthermore, we cannot exclude that PPARγ may
modulate other signaling pathways. In this regard, we have previously reported that PPARγ
ligands reduce vascular nitrosative injury in young rats with sepsis (11), and reduce expression
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of the inducible nitric oxide synthase in cultured macrophages (37). These beneficial effects
are associated with inhibition of the IKK/NF-κB (11,37) and the c-Jun aminoterminal kinase/
activator protein-1 pathways (11). Thus, our data suggest that the inflammatory response differs
in young and mature animals depending also on the level of NF-κB activation, which may
additionally alter the expression of inflammatory mediators. Our data also suggest that the age-
dependent alteration of NF-κB activation may inversely correlate with PPARγ activation.

Several age-dependent impaired endothelial dysfunctions may contribute to the neutrophil
sequestration into the lung. Aging is associated with a reduction in the regenerative capacity
of the endothelium and endothelial senescence (38). In our study, we observed that ICAM-1
expression is increased in the lung of older animals. Of note, expression of this adhesion
molecule had a multiphasic pattern and did not exactly reflect kinetics of MPO activity. Our
findings are in agreement with previous reports demonstrating that senescent smooth vascular
muscle and endothelial cells overexpress ICAM-1 in aged vessels (39,40). Our data also
support previous studies demonstrating that lung ischemia and reperfusion had a biphasic effect
on ICAM-1 protein expression, with an early initial decrease secondary to high superoxide
generation and a late-phase increase, which did not parallel neutrophil accumulation (41).

To explore the role of other mediators in neutrophil recruitment, we also measured levels of
chemokines and cytokines in the plasma. Although we did not confirm their tissue levels, it
appears that the increases of systemic plasma cytokines and chemokines, including IL-6 and
IL-1β, well reflect local increases of lung levels, as it has been recently reported in a rodent
model of hemorrhagic shock and resuscitation under conventional ventilation (similar to the
model used in our study) (42). In our study, we observed a discrepancy between high levels of
chemokines and reduced leukocyte infiltration in the lung of young animals. This differential
functional response to chemokines, nevertheless, is supported by several studies. For example,
it appears that KC does not play a predominant role in the lung migration and activation of
neutrophils during this inflammatory event. In agreement with this latter hypothesis, it has been
reported that in vivo gene silencing of pulmonary KC does not inhibit hemorrhage-induced,
neutrophil-mediated septic acute lung injury (43). On the contrary other studies have shown
that increases in intravascular levels of IL-8, the human analogue of KC, impede neutrophil
recruitment to inflammatory foci (44). Similarly to our data, the levels of MCP-1 in dermal
wounds of aged burned mice were approximately half the levels of young animals, but there
was no difference in macrophage accumulation into the wound between young and aged mice
(45). MCP-1 expression and production in monocyte/macrophages from rats at normoxic
conditions was reduced in aged subjects (46). This decline in chemokine production has been
also reported in human aging, as natural killer lymphocytes of elderly subjects exhibit a gradual
decline in the ability to produce IL-8 (47). Thus, taken together with these previous reports,
our data suggest that in mature animals changes in ICAM-1 expression, most probably
secondary to oxidative stress, and changes in chemokine production alter cellular recruitment
in the lung.

The heat shock response is a highly conserved defense mechanism that provides cytoprotection
from oxidative stress and ischemia-reperfusion injury. In eukaryotic cells, the production of
HSPs is regulated at the transcriptional level by HSF-1 (7,17,48). Experimental studies have
shown that hemorrhagic shock is associated with the expression of inducible HSPs, especially
HSP72, in liver, brain, heart, and kidney. Furthermore, prior induction of HSP72 expression
before the onset of shock is associated with an attenuation of organ injury caused by
hemorrhage (49). In addition, in vitro studies have shown that the expression of HSP72 is
decreased in senescent cells, indicating that the process of aging may be associated with
reduced heat shock response (50). In line with these reports, in our study we have found that
DNA binding activity of HSF-1, which controls the cytoprotective heat shock response, is more
pronounced in lungs of young rats when compared to mature animals subjected to hemorrhage
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and resuscitation. In vivo treatment with the PPARγ ligand 15d-PGJ2 further enhances DNA
binding of HSF-1 in young lungs.

Our in vivo findings are in agreement with previous reports demonstrating that cyclopentenone
prostaglandins may induce expression of HSPs in the lung during endotoxic shock (12) and in
the heart during ischemia and reperfusion injury (15). However, it has been proposed that the
effect of 15d-PGJ2 on HSF-1 may be independent of PPARγ activation and may be attributed
to the chemical characteristics of the cyclopentenone ring (51). Nevertheless, other PPARγ
ligands, such as thiazolidinediones, share this ability to induce the heat shock response and to
exert anti-inflammatory effects in spinal cord injury (52) and pancreatitis (53). Thus, induction
of the heat shock response may represent an important anti-inflammatory mechanism of
PPARγ ligands. Interestingly, in our study treatment with 15d-PGJ2 did not affect HSF-1
binding in mature lungs following hemorrhage. Although further studies are needed to
determine the exact mechanisms of action 15d-PGJ2 on the heat shock response, our data
suggest that an age-dependent downregulation of the heat shock response occurs during the
development of lung injury following hemorrhage and parallels with the decline of PPARγ
activation.

CONCLUSION
Our study is the first observation that age-related differences exist in the pattern of PPARγ
expression and activation, as well as NF-κB and HSF-1 activation. Of clinical interest,
pharmacological PPARγ activation may afford protective effects in the lung of young animals.
These protective effects are associated with inhibition of NF-κB and enhancement of HSF-1
binding. In contrast, treatment with a PPARγ ligand fails to afford protection in older animals.
Thus, these data suggest that activation of the endogenous PPARγ pathway may represent a
therapeutic means to counteract the lung injury in a clinical setting of trauma and
exsanguination. However, as a person ages, cytoprotective interventions may need to be
tailored to the specific conditions that predominate in the aged population.
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Figure 1.
Schematic representation of hemorrhagic shock model. Curved arrows indicate timing of blood
removal (Hemorrhage) and blood replacement (Rapid resuscitation); straight arrows indicate
timing of treatment with vehicle or 15d-PGJ2 (Drug); circles indicate timing of sacrifice and
tissue collection.
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Figure 2.
Plasma levels of TNFα (A), IL-1β (B), IL-6 (C), IL-10 (D), KC (F) and MCP-1 (E) in young
and mature rats. Each data point represents the mean ± SEM of 4–7 rats for each group at basal
level (time 0), at the end of hemorrhage (180 min) and at the end of resuscitation (360 min).
*Represents p <. 05 versus basal levels of same age group rats. #Represents p <.05 versus
young rats at the same time point.
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Figure 3.
Representative histology of lung sections stained with hematoxylin and eosin. Lung
architecture in sham young (A) and sham mature rat (B). Architectural alterations in a young
rat (C) and a mature rat (D) following hemorrhage (3 hrs) and resuscitation (3 hrs).
Magnification x 100. A similar pattern was seen in n=5–10 lung sections in each experimental
group. (E) Lung myeloperoxidase (MPO) activity in young and mature rats at basal conditions
(time 0 in sham animals) and after hemorrhage and resuscitation. Each data point represents
the mean ± SEM of 9–16 rats for each group. *Represents p <. 05 versus basal levels of same
age group rats. #Represents p <.05 versus young rats at the same time point.
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Figure 4.
(A) Western blot analysis of ICAM-1 expression (top panel) in lungs of young and mature rats
after hemorrhage and resuscitation. Fifty µg proteins were loaded for each lane. Equal loading
was confirmed by β-actin immunoblotting (bottom panel). Results are representative of 3
separate time-course experiments. (B) Lung ICAM-1 expression as determined by
densitometry from the radiographs. Fold increase was normalized versus respective β-actin
value. Each data point represents the mean ± SEM of 3 separate time-course experiments.
*Represents p <. 05 versus basal levels of same age group rats. #Represents p <.05 versus
young rats at the same time point.
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Figure 5.
Time course of DNA binding of NF-κB (A) and HSF-1 (B) in the lung of young and mature
rats subjected to hemorrhage and resuscitation as evaluated by EMSA. Autoradiograph is
representative of 3 separate time-course experiments.
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Figure 6.
Western blot of nuclear PPARγ expression (top panel) in the lung of young and mature rats
subjected to hemorrhage and resuscitation. Equal loading was confirmed by Ponceau staining
after transfer of proteins on nitrocellulose membrane (a 50 kD protein is shown for
representation, middle panel). Bottom panel, DNA binding of PPARγ in the lung of young and
mature rats subjected to hemorrhage and resuscitation as evaluated by EMSA. Radiographs
are representative of 3 separate time-course experiments.
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Figure 7.
(A) Representative lung histology of a young and a mature rat subjected to hemorrhage (3 h)
and resuscitation (3 h) and treated with 15d-PGJ2 (0.5 mg/kg i.p.). For comparison with vehicle-
treated rats and sham groups see Figure 2. Magnification x 100. A similar pattern was seen in
n=10 lung sections in each experimental group. (B) Histopathological scores of lung sections
(of n=5–10 rats for each group). Lung injury was scored from 0 (no damage) to 16 (maximum
damage). Box plots represent 25th percentile, median and 75th percentile; error bars define
10th and 90th percentile; black dots define outliers. *Represents p < .05 versus young sham
rats. #Represents p < .05 versus young vehicle-treated rats subjected to hemorrhagic shock.
Treated rats received 15d-PGJ2 (0.5 mg/kg i.p.). (C) Effect of treatment with 15d-PGJ2 (0.5–
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1 mg/kg i.p.) on lung myeloperoxidase activity in young and mature rats subjected to
hemorrhage (3 h) and resuscitation (3 h). Each data point represents the mean ± SEM of 5–16
rats for each group. *Represents p < .05 versus young rats. #Represents p < .05 versus vehicle-
treated rats (i.e., 0 mg/kg).
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Figure 8.
Effect of treatment with 15d-PGJ2 (0.5 mg/kg i.p.) on lung DNA binding of PPARγ (A), NF-
κB (B) and HSF-1 as determined by densitometry from EMSA autoradiographs. Fold increase
was calculated versus respective sham value (time 0) set to 1.0. Each data point represents the
mean ± SEM of 3 separate time-course experiments. *Represents p < .05 versus young rats.
#Represents p < .05 versus vehicle-treated rats.
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