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Abstract
Systemic inflammatory response syndrome (SIRS), a serious clinical condition characterized by
whole body inflammation, is particularly threatening for elderly patients who suffer much higher
mortality rates than the young. A major pathological consequence of SIRS is acute lung injury
caused by neutrophil-mediated oxidative damage. Previously, we reported an increase in protein
tyrosine nitration (a marker of oxidative/nitrosative damage), and a decrease in antioxidant
enzyme, extra-cellular superoxide dismutase (EC-SOD), in the lungs of young mice during
endotoxemia-induced SIRS. Here we demonstrate that during endotoxemia, down-regulation of
EC-SOD is significantly more profound and prolonged, while up-regulation of iNOS is augmented
in aged compared to young mice. Aged mice also showed 2.5-fold higher protein nitration levels,
compared to young mice, with particularly strong nitration in the pulmonary vascular endothelium
during SIRS. Additionally, by 2-dimensional gel electrophoresis, Western blotting and mass
spectrometry, we identified proteins which show increased tyrosine nitration in age- and SIRS-
dependent manners; these proteins (profilin-1, transgelin-2, LASP 1, tropomyosin and myosin)
include components of the actin cytoskeleton responsible for maintaining pulmonary vascular
permeability. Reduced EC-SOD in combination with increased oxidative/nitrosative damage and
altered cytoskeletal protein function due to tyrosine nitration may contribute to augmented lung
injury in the aged with SIRS.
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Introduction
Aging is associated with reduced stress tolerance. Vulnerability to various physiological
stresses such as infection, inflammation, and oxidative damage increases with age and is
causally related to clinical problems in the elderly. Sepsis is an infection-initiated clinical
condition characterized by systemic inflammation [1-3]. The progression of sepsis occurs by
a loss of homeostasis, characterized by uncontrolled inflammation, oxidative damage to the
vascular endothelium and intravascular coagulation. These conditions lead to multiple organ
failure and death for a large number of patients [4]. Sepsis is a particularly serious problem
in the geriatric population, as the elderly exhibit significantly elevated mortality. Earlier
studies noted 30-40% mortality among the elderly with sepsis, compared to 4-5% for
younger patients [5, 6]. More recent analyses estimate that more than 700,000 patients
present with sepsis yearly in the United States resulting in 215,000 deaths of which the
majority are elderly people [7, 8]. Although age-related dysregulation of the inflammatory
response and thrombosis appear to be involved [9-11], the precise mechanisms for the age-
dependent vulnerability to sepsis remain unclear.

One of the major pathological consequences of the systemic inflammatory response
syndrome (SIRS) is acute lung injury. Oxidative damage due to the production of
superoxide during SIRS is highly associated with acute lung injury [12] although a causal
relationship still has to be definitively established. 3-nitrotyrosine is a known biomarker of
nitric oxide (·NO)-dependent oxidative/nitrosative damage [13-15]. Recently we
demonstrated that protein tyrosine nitration is increased in the lungs of young mice during
periods of lipopolysaccharide (LPS)-induced systemic inflammation [16]. During the
inflammatory response, neutrophils undergo a respiratory burst and produce superoxide
(·O2−). The superoxide anion reacts with ·NO (generated by iNOS during the immune
response) and produces peroxynitrite (ONOO−), a toxic oxidant and nitrating agent.
Breakdown of peroxynitrite produces highly toxic reactive nitrogen and oxygen species
(RNS/ROS) such as·NO2 and ·OH and CO·3-. These radicals promote the post-translational
modification of tyrosine to 3-nitrotyrosine which alters the structure and conformation of
target proteins and can compromise their function [17]. The presence of nitrated proteins has
been implicated in many disease states; however, the identification of these proteins has
only begun [18].

Although ROS have physiologically essential roles in host defense, overproduction of ROS
during SIRS is highly toxic to host tissues, resulting in severe pathophysiological
consequences such as vascular endothelial damage [19-21]. In a protective mechanism,
superoxide is converted by anti-oxidant enzymes, superoxide dismutases (SOD), to form
hydrogen peroxide (H2O2), which is further converted to H2O and O2 by another anti-
oxidant enzyme, catalase [22]. There are three different mammalian SODs: intracellular
copper-zinc (Cu/Zn-SOD or SOD1), mitochondrial manganese SOD (Mn-SOD or SOD2),
and extracellular SOD (EC-SOD or SOD3). EC-SOD is the predominant anti-oxidant
enzyme that is localized to the extracellular space [23-28]. It is strongly expressed in
vascular smooth muscle cells, alveolar type II cells and lung macrophages among other cell
types [29] and localized throughout the blood vessel wall; the major source of the EC-SOD
protein is thought to be vascular muscle and not endothelium [30]. An in situ hybridization
study in mice demonstrated no mRNA expression of EC-SOD on the capillary wall
suggesting that EC-SOD accumulates on the endothelial cells in after injury [31]. In our
previous study we demonstrated that EC-SOD levels, but not Cu/Zn- or Mn-SOD, are
decreased in the lungs during systemic inflammation. Additionally using EC-SOD
transgenic mice, we determined that this enzyme plays a protective role against
inflammation mediated oxidative/nitrosative damage and mortality [16].
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In the present study, we show that the levels of EC-SOD, but not other SODs, decrease in
the lungs of both young and aged mice during systemic inflammation and that the decrease
is significantly more profound in the aged. Furthermore, we show that protein tyrosine
nitration is significantly elevated in the lungs of aged mice compared to young mice and we
identified several of the nitrated proteins whose loss of function may contribute to increased
lung injury and vascular permeability in the aged during sepsis.

Materials and Methods
Animals

Young (4-6 month old) and aged (24-26 month old) male C57BL/6 mice were obtained from
colonies of the National Institute on Aging (Bethesda, MD). Mice were acclimated for at
least 14 days in a 12:12hr light-dark cycle with free access to water and regular chow diet
(LabDiet, Brentwood, MO) before experiments began and throughout each experiment. All
animal care and surgical procedures were approved by the Institutional Animal Care and
Use Committees at the University of Texas Medical Branch and the University of Kentucky.

LPS model for endotoxemia
Acute systemic inflammation was induced by intraperitoneal (ip) injection with bacterial
endotoxin lipopolysaccharide (LPS, 2.5 mg/kg) derived from Pseudomonas aeruginosa
(Sigma Chemical, St. Louis, MO). For tissue protein or RNA analyses, mice were
anesthetized with isoflurane inhalation, the inferior vena cava was cut, and the entire
vasculature was perfused with physiological saline through the cardiac ventricles as
previously described [16]. Lungs were harvested 0, 6 and 12 hr after LPS injection and flash
frozen in liquid nitrogen. Major organs from dead mice were examined, and animals with
any evident signs of tumor were excluded from the study.

Histological analysis and Immunohistochemistry
Endotoxic and control mice were anesthetized with isoflurane inhalation, the lungs filled
with formalin from the trachea (to maintain the organ structure), harvested and fixed in 10%
neutral buffered formalin. The harvested tissues were embedded in paraffin and sections (5
μm) were cut from paraffin blocks, and stained with hematoxylin and eosin (H&E).
Immunohistochemistry was performed using Dako Cytomation En Vision+ System-HRP
(Dako, Denmark). Sections were stained with 1:1000 diluted anti-nitrotyrosine antibody
(Millipore, Billerica, MA) at 4°C overnight and counterstained with hematoxylin.
Photomicrograph was taken using Leica DFC295 digital camera and Nikon Eclipse E200
microscope with Leica Application Suite version 3.5.0 (100× magnification).

Protein Extraction, 1D Gel Electrophoresis and Western Blot analysis
Frozen lung tissues were homogenized in an SDS-based lysis buffer; protein concentrations
were determined by Bradford Protein Assay (Bio-Rad, Hercules, CA) and equal amounts of
proteins (40μg) were resolved on Nu-PAGE Bis-Tris gels (Invitrogen, Carlsbad, CA) and
electrophoretically transferred to PVDF membranes [16]. The membranes were incubated
with anti-EC-SOD [16], anti-Cu/Zn-SOD, and anti-Mn-SOD (Stressgen, Victoria, BC,
Canada) antibodies as previously described [16]. For nitrotyrosine detection, proteins were
transferred to nitrocellulose membranes and incubated with a horseradish peroxidase (HRP)-
conjugated antibody against nitrotyrosine as previously described [16]. The membranes
were washed and the immunoreaction visualized by ECL (Amersham, Arlington Heights,
IL). All membranes were reprobed with anti-β-actin antibody (Sigma Chemical, St. Louis,
MO) to confirm equal loading of the protein samples. Intensity of each autoradiograph was
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determined by densitometric analysis (Kodak 1D software, Carestream Health, Rochester,
NY) and the level of each protein was normalized for β-actin.

RNA analysis
Total RNA was isolated from tissues using guanidine/phenol solution as previously [32].
The RNA samples (20 μg each) were subjected to Northern blot analysis as recently
described [16]. To prepare probe DNA, an EC-SOD cDNA fragment (264-bp) was
amplified by reverse transcriptase-polymerase chain reaction (RT-PCR) from mouse lung
total RNA [16], and a HincII-EcoRI fragment (817-bp) of mouse iNOS cDNA was obtained
by a restriction digestion of a plasmid piNOSL3 which was kindly provided by Dr. Regino
Perez-Polo at the University of Texas Medical Branch.

Protein Extraction, 2D Gel Electrophoresis and Western Blot analysis
Frozen lung tissues were homogenized in a urea based-lysis buffer (Bio-Rad, Hercules, CA)
and the protein concentrations determined by RC DC Protein Assay (Bio-Rad, Hercules,
CA). Two-hundred μg protein samples were prepared by pooling lung homogenates from 4
mice. Isoelectric focusing was performed in the first dimension using 11cm, pH 3-10
immobilized pH gradient strips. In the second dimension, IPG strips were equilibrated with
TCEP and iodoacetamide. The strips were then imbedded in agarose above 8-16% TrisHCl
gels and run at 150v for 2.5 h. Proteins were electrophoretically transferred to nitrocellulose
membranes and incubated with a HRP-conjugated antibody against nitrotyrosine. The
membranes were washed and the immunoreaction visualized by enhanced
chemiluminescence (ECL). Exposed film was imaged on a ProSCAN ProXPRESS 2D
Proteomic Imaging System (Perkin-Elmer, Waltham, MA) for analysis.

Gel Analyses and Spot Excision
Gels were fixed in 10% methanol, 7% acetic acid, stained with SYPRO Ruby (Invitrogen,
Carlsbad, CA), destained in 10% ethanol and imaged on the ProSCAN ProXPRESS 2D
Proteomic Imaging System. A total of eight 2D gel images and eight western blots (2 from
each treatment group) were analyzed using Progenesis Discovery software (Nonlinear
Dynamics, U.K.). Western analysis for anti-nitrotyrosine was conducted and the blot images
superimposed over the gel images to determine the location of anti-nitrotyrosine
immunopositive proteins on the gel. The intensity of each nitrotyrosine positive protein spot
was normalized based on the total volume of the protein spot on each gel. Protein gel spots
of interest were excised and cut into 1mm size pieces for digestion by trypsin (Promega,
Madison, WI). After digestion, 1 μL of sample solution was spotted directly onto a Matrix-
Assisted Laser Desorption Ionization (MALDI) target plate and allowed to dry. Alpha-
cyano-4-hydroxycinnamic acid matrix solution (Aldrich Chemical, Allentown, PA) was then
applied on the sample spot and dried. The dried MALDI spot was blown with compressed
air before inserting into the mass spectrometer.

Mass Spectrometry
Matrix-Assisted Laser Desorption Ionization Time-of-Flight Mass Spectrometry (MALDI
TOF-MS) was used to analyze the samples and determine protein identification. Data were
acquired with a 4800 MALDI TOF/TOF Proteomics Analyzer (Applied Biosystems,
Carlsbad, CA). The instrument was operated in positive ion reflectron mode, mass range
was 850 – 3000 Da, and the focus mass was set at 1700 Da. For MS data, 2000-4000 laser
shots were acquired and averaged from each sample spot. Following MALDI MS analysis,
MALDI MS/MS was performed on several (5-10) abundant ions from each sample spot. For
MS/MS data, 2000 laser shots were acquired and averaged from each sample spot. Applied
Biosystems GPS Explorer™ (v. 3.6) software was used in conjunction with MASCOT to
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search the protein database using both MS and MS/MS spectral data for protein
identification. Protein match probabilities were determined using expectation values and/or
MASCOT protein scores. MS peak filtering included the following parameters: mass range
800 Da to 4000 Da, minimum S/N filter = 10, mass exclusion list tolerance = 0.5 Da. For
MS/MS peak filtering, the minimum S/N filter = 10. For protein identification, the mouse
taxonomy was searched in the NCBI database. The significance of a protein match, based on
both the peptide mass fingerprint (PMF) in the first MS and the MS/MS data from several
precursor ions, is based on expectation values. The expectation value is the number of
matches with equal or better scores that are expected to occur by chance alone. The default
significance threshold is p<0.05, so an expectation value of 0.05 is considered to be on this
threshold. We used a more stringent threshold of 10-3 for protein identification; the lower
the expectation value, the more significant the score.

Results
Exaggerated pulmonary inflammation and edema in aged mouse lung tissue after LPS-
induced systemic inflammation

Upon LPS injection, both young and aged mice suffered hypothermia characteristic of LPS-
mediated systemic inflammation [9] and a temporal appetite loss. Histology of H&E-stained
lung tissues were compared among young (6-mo) and aged (26-mo) mice 24h after LPS-
induced systemic inflammation. Non-injected mice were used as controls. Figure 1A shows
the histologic characteristics of normal, healthy young lung tissue consisting of thin alveolar
walls embedded with capillaries, alveolar cells and occasional alveolar macrophages. Figure
1B shows lung histology associated with normal aging. Upon LPS injection, lung tissue
from young mice (Fig. 1C) exhibited slight alveolar wall swelling due to dilated capillaries,
and proteinaceous debris was present in the alveoli. Severe edema and inflammation was
apparent in the lung tissue from aged mice during systemic inflammation (Fig. 1D). These
data demonstrate that aging is associated with increased severity of acute lung injury during
systemic inflammation.

Age-associated decrease in antioxidant enzyme, EC-SOD, during LPS-induced systemic
inflammation

Previously, we showed that protein and mRNA levels of the antioxidant enzyme EC-SOD
are down-regulated during systemic inflammation in young mice and suggested its causal
relationship to mortality and increased lung injury due to oxidative damage [16]. Since we
found that acute lung injury is more severe in aged mice during systemic inflammation (Fig.
1), we hypothesized that the protective function of EC-SOD may be further impaired by
aging. Young (4 months) and aged (24 months) mice were injected with LPS and sacrificed
6 and 12 h later. Whole lungs were obtained and processed for protein analysis by Western
blotting. As shown in Figs. 2A and 2B basal levels of EC-SOD (0h time point) are unaltered
by aging; however, upon LPS-injection EC-SOD protein level decreased in an age-
dependent manner. The level of EC-SOD in young mice decreased from 0 to 6h after LPS
injection but recovered to near normal levels by 12h. In aged mice, EC-SOD also decreased
by 6h but did not recover, and further decreased by 12h after LPS injection. The protein
levels of Cu/Zn- and Mn-SOD were not altered by aging or LPS injection. As most aged
mice die after 12h of LPS (2.5mg/kg) injection [10], protein analysis later than this time
point was not performed.

To further analyze the age-associated difference of EC-SOD protein expression, western
blot analysis was performed on total lung protein from individual young and aged mice
sacrificed 12h after LPS injections (which were pooled in Fig. 2A). Figure 2C and 2D depict
a clear age-associated difference of EC-SOD down-regulation. The level of EC-SOD was
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significantly lower in the aged mouse lung compared to the young mouse lung 12h after LPS
injection (p<0.001).

We also examined whether age-dependent EC-SOD down-regulation was truly an age-
associated phenomenon. Young (4 months), middle-aged (14 months) and aged (24 months)
mice were injected with LPS and sacrificed 12h later. As shown in Fig. 2E, EC-SOD levels
in young and middle-aged mice recovered to near normal levels by 12h after LPS injection,
while only aged mice exhibited a continued down-regulation. This data indicates that
profound down-regulation of EC-SOD is a late-life phenomenon.

Age-associated down-regulation of EC-SOD is transcriptionally regulated
To determine whether the age-associated decrease in pulmonary EC-SOD levels is due to
transcriptional regulation or a post-translational modification, we examined the mRNA level
of EC-SOD in the lung after LPS injection by Northern blot analysis. As shown in Fig. 2F,
EC-SOD mRNA was down-regulated by 12h in the lung from young mice but more
profoundly down-regulated at 12h in the lung from aged mice. This data closely matches
that of EC-SOD protein down-regulation depicted in Fig. 2A and indicates that the down-
regulation of EC-SOD during systemic inflammation is regulated at least in part by a
transcriptional mechanism.

Age-associated increase in oxidative damage to lung proteins during LPS-induced
systemic inflammation

Accumulation of nitrotyrosine is a well known marker of nitric oxide-dependent oxidative
stress. Previously, we showed that oxidative damage, measured by accumulation of
nitrotyrosine, increases over time during LPS-induced systemic inflammation in young mice
[16]. Here, we show that tyrosine nitration is further augmented by aging. Young (4 month)
and aged (24 month) mice were injected with LPS and sacrificed 6 and 12h later. High
levels of nitrotyrosine were detected throughout the lungs of aged control and aged LPS-
injected mice but intense staining of the vascular endothelium was observed only in the aged
mouse lung after LPS injection (Fig 3A). Young control and young LPS-injected mice
showed much less nitrotyrosine staining than aged mice. Additionally, oxidative/nitrosative
damage in the lungs was assessed by western blot analysis for nitrotyrosine. As shown in
Fig. 3B, multiple bands ranging in size from 14 – 97 kDa were detected. Overall, an increase
in the intensity of the immunoreaction was observed in the lungs from aged mice injected
with LPS (lanes 6-10) compared to young mice (lanes 1-5). Densitometric analysis (Fig. 3B)
of each lane confirmed that the total intensity of nitrotyrosine positive proteins was greater
than 2-fold increased in the lungs from aged mice compared to young mice (p<0.001). We
also examined the mRNA levels of inducible nitric oxide synthase (iNOS) in the lungs of
young and aged mice after LPS injection. While iNOS expression was slightly elevated 6h
after LPS injection in the young, the expression of iNOS in the aged lung was greatly
enhanced. In both young and aged mice, iNOS expression in the lung was reduced at 12h
compared to 6h with the level of expression still elevated in the aged (Fig. 3C). These results
demonstrate that acute lung injury, induced by systemic inflammation, results in an age-
associated increase in oxidative/nitrosative damage to lung proteins.

Identification of lung proteins which are nitrated during LPS-induced oxidative damage
Although protein tyrosine nitration is a well-known marker of oxidative damage, little is
known about which proteins are nitrated and how the modification affects their function,
particularly with aging. In Fig. 3, we showed that pulmonary protein tyrosine nitration is
augmented in aged mice during systemic inflammation. In order to identify which proteins
are subject to tyrosine nitration, we performed 2D polyacrylamide gel electrophoresis and
western blotting against nitrotyrosine. Young (4-mo) and aged (24-mo) mice were injected
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with LPS and sacrificed 12h later. Age- and sex-matched non-injected mice were used as
controls. Whole lung protein extracts from 4 mice in each group were equally pooled and
resolved on 2D gels (not shown). Figure 4 shows images of the resulting western blot
membranes that were probed with anti-nitrotyrosine. Protein spots on the membrane were
correlated with spots on the gels and the density adjusted for total protein level. The gel
spots corresponding to nitrotyrosine positive proteins exhibiting statistically significant age-
associated changes were then excised and identified by mass spectrometry. Numbers on the
membrane correspond to the identified proteins described in Table 1. Several of the proteins
identified, including profilin 1, transgelin 2, voltage dependent anion channel, LIM and SH3
protein 1 and tropomyosin (Spot #'s 1, 2, 4, 5 and 9), are associated with the actin
cytoskeleton. The cluster of nitrotyrosine positive spots left of the center of the membrane,
between 40-50kDa, were identified as actins. Spots numbered 3, 6, 7 and 8 (carbonyl
reductase 2, serine proteinase inhibitor B1a, peroxiredoxin 6, and polymerase I and
transcript release factor, respectively) vary in function from oxidative metabolism to
transcriptional regulation. The significance of the tyrosine nitration modification to these
proteins is described in the Discussion section below.

Discussion
Acute lung injury, a common consequence of oxidative damage during SIRS and sepsis, is a
complex inflammatory syndrome characterized by hypoxemia, non-cardiogenic pulmonary
edema, and widespread capillary leakage resulting from endothelial barrier dysfunction [33].
We showed characteristic pathologic changes such as thickened alveolar walls, capillary
dilation, and fluid filled alveolar spaces that were more pronounced in the lung from aged
mice during systemic inflammation indicating an age-dependent increase in severity of acute
lung injury. Gomez et al. previously reported an age-associated increase of neutrophil
infiltration and increased myeloperoxidase in the lungs of endotoxic mice; however, they did
not observe any lung injury [34]. This difference is likely because we used a higher dose of
LPS (2.5 mg/kg, ip) than Gomez et al. (1.5 mg/kg, ip); our dose of LPS is significantly more
lethal resulting in 80% mortality in aged mice [10], while the dose used by Gomez et al.
resulted in 23% mortality.

The primary function of EC-SOD, the major SOD in the extracellular space [28] is to
scavenge superoxide preventing its interaction with nitric oxide and the production of
peroxynitrite. Loss of EC-SOD results in elevated superoxide [35], elevated nitrotyrosine-
mediated oxidative damage [16], sensitivity to hyperoxia [36] and endothelial cell
dysfunction [37]. Since we previously showed that pulmonary EC-SOD is lost during
systemic inflammation and this loss coincides with elevated oxidative/nitrosative damage,
we speculated that age-associated augmented acute lung injury is due in part to EC-SOD
down-regulation. In this study, we confirmed our previous result that pulmonary EC-SOD is
down-regulated during LPS-induced systemic inflammation and further discovered that
pulmonary EC-SOD down-regulation is more profound in aged mice. Although our previous
study used a higher dose of LPS (20 mg/kg) in young mice only, the trend of down-
regulation and recovery is the same albeit on a different time-scale. A lower dose of LPS
(2.5 mg/kg) was used in the present study because aged mice would not survive for more
than a few hours after a dose of 20 mg/kg. To our knowledge, this is the first report to
examine an age-associated loss of pulmonary EC-SOD during systemic inflammation.
Importantly, while pulmonary EC-SOD levels in young mice recovered by 12h after LPS-
injection, EC-SOD down-regulation was sustained in the lungs of aged mice. This age-
associated sustained down-regulation of EC-SOD in the late-phase of systemic inflammation
could partly explain the different outcome between young and aged with respect to acute
lung injury and eventual respiratory organ failure.
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The age-associated sustained decline in EC-SOD is at least partly due to transcriptional
regulation. Studies by Zelko and Folz identified the promoter region of murine and human
EC-SOD genes and have shown that EC-SOD transcription is critically dependent on a
single Sp1/Sp3 binding site located within its proximal promoter [38, 39]. More recent
findings by the same group indicate that pulmonary cell-specific expression of EC-SOD can
be attributed to chromatin remodeling and differential methylation of its promoter [40]. We
recently reported that thrombomodulin (TM), an endothelial cell membrane receptor
involved in the protein C anti-coagulant pathway, is strongly expressed in the lung and is
down-regulated in an age-dependent manner during LPS-induced endotoxemia [10]. This
pattern of expression is strikingly similar to the down-regulation of EC-SOD depicted in this
study and led us to hypothesize that a common mechanism exists for the down-regulation of
these two genes. As both proteins exist in a stable membrane-bound form and a less stable
soluble form, it seems that the rapid down-regulation of EC-SOD and TM protein levels in
the lung are likely due to post-translational cleavage and elimination from the tissue in
addition to a rapid transcriptional decrease as shown previously [16].

In the present study we also show that oxidative/nitrosative damage via protein tyrosine
nitration is increased in the lungs of aged mice compared to young during LPS-induced
systemic inflammation. Nitrotyrosine in the kidney of young rats was previously localized to
the renal cortex with intense staining in the proximal and distal convoluted tubules, initial
collecting tubules, glomeruli, and interlobular vascular endothelium [41]. We show broad
nitrotyrosine staining throughout the lungs of control and LPS treated young mice with
intense nitrotyrosine staining at the vascular endothelial surface of lungs from LPS treated
aged mice. Additionally, we show a strong age-associated increase in iNOS mRNA
production in the lung after LPS injection suggesting that ·NO is also increased in the aged
during systemic inflammation. Increased ·NO, in combination with decreased EC-SOD, in
the aged likely results in enhanced production of peroxynitrite. Since intense nitrotyrosine
staining was seen at the vascular endothelium but not as extracellular debris, peroxynitrite
appears to penetrate the cells and cause tyrosine nitration to intracellular proteins of the
lung. Since protein tyrosine nitration is known to affect protein function, we hypothesized
that the nitrated proteins may experience a loss of function which ameliorates protective
roles and contributes to age-associated acute lung injury. Anti-nitrotyrosine
immunodetection via traditional 1D western blot analysis revealed multiple bands,
indicating numerous proteins of varying sizes to be nitrated during LPS-induced systemic
inflammation. Enhanced nitration was particularly evident in lung proteins from aged mice.
By 2D gel electrophoresis and western blot analysis we were able to isolate and excise
individual protein spots for identification by mass spectrometry. Half (5 of 10) of the
proteins we identified are involved in actin cytoskeleton mechanics; loss of function of such
proteins has potential implications in endothelial cell barrier disruption, vascular
permeability and leakage [42, 43]. Among these nitrated actin binding proteins were profilin
1, transgelin 2, tropomyosin 2, myosin light polypeptide 4, and LIM and SH3 protein 1.

Profilin 1 is known to play a crucial role in early development and restructuring of the actin
cytoskeleton [44]; however its role in disease remains largely unstudied. Plasma fibronectin
deficiency magnifies lung vascular permeability [45], thus, as endothelial cell adhesion to
fibronectin is dependent on profilin expression [46] absence of functional profilin may be
partly responsible for vascular permeability due to inefficient barrier integrity. Transgelin
binds actin and facilitates the formation of cytoskeletal structures [47-49]. It was recently
proposed that disruption of transgelin expression in stressed vascular smooth muscle cells
results in actin cytoskeleton and microtubule remodeling contributing to loss of cytoskeletal
integrity and arterial inflammation [50]. LIM 1 and SH3 protein 1 (LASP-1) is a
ubiquitously expressed actin binding protein involved in cell migration [51]. A recent study
also indicated a crucial role for LASP-1 in platelet cytoskeleton rearrangement [52].
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Tropomyosin and myosin are classical actin binding proteins. Tropomyosin binds to actin
microfilaments to inhibit myosin binding which keeps the cell at rest. When intracellular
Ca2+ increases a conformational change occurs that exposes the myosin binding site on actin
allowing myosin to bind and resulting in contraction and endothelial cell gap formation.
Protein nitration could interfere with this important mechanism. Interestingly, actin nitration
was also observed; however, the pattern of nitration in our study is not clear and seemed to
increase by aging but decrease after LPS injection. Actin nitration in vitro was previously
observed in rat lung microvascular endothelial cells by treatment with peroxynitrite [53].

A previous study by Aulak et al, reported tyrosine nitration of several proteins including
mitochondrial aconitase, fibrinogen, desmin, mitochondrial creatine kinase, malate
dehydrogenase, crystalline and voltage dependent anion channel (VDAC) in the lungs of
LPS injected rats [18]. With the exception of VDAC, we were not able to identify these
same proteins. VDAC a protein which allows for mitochondrial diffusion of small
hydrophilic molecules such as superoxide was also recently found to be nitrated in a murine
model of ischemia/reperfusion [54]. Some variations in our studies such as type of animal or
protein isolation method may explain this difference. For example, we used 4 month and 24
month old C57BL/6 mice, while Aulak's study used Sprague-Dawley rats (age not
mentioned but presumably young). Additionally, their data reflects protein tyrosine nitration
occurring 18h after LPS (E.coli, 10mg/kg) injection, while our samples were collected 12h
after LPS (P. aeruginosa, 2.5 mg/kg) injection.

Other proteins identified to be nitrated during systemic inflammation include carbonyl
reducatase 2, Serpinb1, peroxiredoxin 6, and polymerase 1 and transcript release factor.
Carbonyl reductase 2 is a lung specific protein thought to function in the metabolism of
endogenous carbonyl compounds [55]. Peroxiredoxin 6 is an antioxidant enzyme enriched in
the lung which protects alveolar type II epithelial cells against H2O2 mediated oxidative
damage [56-58]. In our experiment there was a clear increase in nitration of peroxiredoxin 6
in young mice after LPS injection; however we did not detect high levels of peroxiredoxin 6
nitration in the aged LPS-injected group. Neutrophil serine proteases released by neutrophils
during infection are important for bacterial clearance, however during states of severe
inflammation the serine proteases can be detrimental to the host. Serine protease inhibitor
B1 (Serpinb1) is responsible for inhibiting these serine proteases. Upon infection, Serpinb1
(-/-) mice have increased mortality and decreased bacterial clearance compared to wild-type
mice [59]. Additionally, aerosol treatment with Serpinb1 enhances bacterial clearance and
protects rat lungs from infection [60].

One limitation of the current study is that we did not establish a direct causal relationship
between loss of EC-SOD, increased tyrosine nitration, and acute lung injury with aging. A
study using aged EC-SOD transgenic (over-expressing human EC-SOD) mice would be
required to provide evidence for such a relationship. We previously reported that such
transgenic mice at a young age are more resistant to endotoxemia than age-matched wild-
type mice, demonstrating that EC-SOD plays an important protective role during systemic
inflammation [16]. Thus, the profound age-associated down-regulation of EC-SOD during
systemic inflammation is likely to be causally linked to increased lung protein nitration and
tissue damage in old age. Another limitation of our study is that tyrosine nitration is not the
sole mechanism leading to oxidative/nitrosative modification of proteins. Oxidative
modification to proteins in the lung has been demonstrated to arise from orthotyrosine,
metatyrosine, and chlorotyrosine in addition to nitrotyrosine [61]. Modifications caused by
chlorotyrosine and nitrotyrosine are more well correlated with neutrophil-mediated oxidative
damage [61] and thus these two modifications likely contribute to oxidative damage in the
lung during SIRS.
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In summary, we have shown that the severity of acute lung injury characterized by
pulmonary edema and inflammation is more profound in aged mice during LPS-induced
systemic inflammation. We have demonstrated that pulmonary EC-SOD, an anti-oxidant
enzyme, is down-regulated during systemic inflammation and this down-regulation is
significantly more profound and prolonged in aged mice compared to young mice. LPS-
mediated oxidative damage, measured by increased protein tyrosine nitration, was
prominent in the vascular endothelium of lungs from aged but not young mice. Identification
of the nitrated proteins revealed significant modification to the vascular endothelial
cytoskeleton which potentially contributes to barrier dysfunction, increased vascular
permeability and pulmonary edema. The results presented here can partly explain the age-
associated increase in susceptibility to systemic inflammation, acute lung injury, and
respiratory failure.
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Figure 1. Histological analysis demonstrating age-associated severity of acute lung injury during
systemic inflammation
Mice at 6 and 26 months of age were injected with LPS (2.5 mg/kg, ip) and sacrificed 24 h
later. Non-injected mice were used as controls. Sections from formalin-fixed, paraffin
embedded lung samples were stained with H&E. Arrow heads indicate granular leukocytes,
arrows indicate edematous thickened alveolar walls, and stars indicate deposit of
proteinaceous debris. Inflammation and edema are distinct in 26-month-old mice with LPS.
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Figure 2. Western blot analysis demonstrating that LPS-mediated decrease in pulmonary EC-
SOD is more profound in aged mice than young mice
(A) Time course of lung EC-SOD levels in young (4 months) and aged (24 months) mice
after LPS injection (2.5 mg/kg, ip). Each lane represents a pooled protein sample derived
equally from 5 mice. (B) Densitometric analysis of A. (C) Lung EC-SOD levels in young
and aged mice 12 h after LPS injection. Each lane represents a protein sample from an
individual mouse (n=5 per age group). (D) Densitometric analysis of C. (E). Lung EC-SOD
levels in young (4 months), middle aged (14 months), and aged (24 months) mice 12 h after
LPS injection (2.5mg/kg). Each lane represents a pooled protein sample derived equally
from 3 mice. (F) Northern hybridization analysis demonstrating that down-regulation of
lung EC-SOD mRNA expression after LPS injection was more profound in aged mice than
in young mice. Young (4 months) and aged (24 months) mice were injected with LPS (2.5
mg/kg, ip) and total lung RNA was isolated and used for Northern blot analysis. Each lane
represents a pooled protein sample derived equally from 5 mice.
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Figure 3. Age-associated increase in protein tyrosine nitration in the lungs during systemic
inflammation
Systemic inflammation was induced in young (4 months) and aged (24 months) mice by
injection with LPS (2.5 mg/kg, ip); mice were sacrificed 6 and 12 h later and the lung tissues
harvested for analysis. Age and sex-matched non-injected mice were used as controls. (A)
Immunohistochemical localization of nitrotyrosine to the vasculature of aged mice after LPS
injection. Arrows indicate strongly stained vascular endothelium. (B) Western blot analyses
for nitrotyrosine on whole-lung proteins and densitometric analysis of each lane. Total
intensity throughout each lane was normalized by β-actin. (C) Northern hybridization
analysis demonstrating that induction of lung iNOS mRNA after LPS injection was
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augmented in aged mice compared to young mice. Young (4 months) and aged (24 months)
mice were injected with LPS (2.5 mg/kg, ip) and total lung RNA was isolated and used for
Northern blot analysis. Each lane represents a pooled protein sample derived equally from 5
mice.
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Figure 4. 2D western blot analyses and mass spectrometry identification of pulmonary proteins
that exhibit an age-associated increase in tyrosine nitration during systemic inflammation
Systemic inflammation was induced in young and aged mice by injection with LPS (2.5 mg/
kg, ip); mice were sacrificed 12 h later and the lung tissues harvested for analysis. Age and
sex-matched non-injected mice were used as controls. (A) Western blot analysis of 2
dimensional gels detecting tyrosine nitration of lung proteins from young control mice (top
left panel); young LPS injected mice (bottom left panel); aged control mice (top right panel);
and aged LPS injected mice (bottom right panel). Each gel contained total lung protein
derived equally from 4 mice. Numbers indicate proteins identified by mass spectrometry in

Starr et al. Page 18

Free Radic Biol Med. Author manuscript; available in PMC 2012 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Table 1. (B) Enlarged view of individual nitrotyrosine positive protein spots. Numbers on
bottom correspond to spots in (A).
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