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Abstract
The objective of the study is to investigate pulmonary responses to Pseudomonas aeruginosa (P.
aeruginosa) and methicillin-resistant Staphylococcus aereus (MRSA) using ovine and mice
models of sepsis with emphasis on lung cytokine expression, asymmetric dimethylarginine
concentration, and the arginase pathway.

Methods—Sheep were instilled with either MRSA, P. aeruginosa or saline under deep
anesthesia, mechanically ventilated, resuscitated with fluid, and sacrificed after 24 hrs. Mice were
instilled with either MRSA, P. aeruginosa or saline under deep anesthesia and sacrificed after 8
hours. Lungs were assessed for ADMA concentration, arginase activity, oxidative stress, cytokine
expression, and plasma was assessed for nitrate/nitrite concentrations.

Results—The severity of lung injury was more pronounced in P. aeruginosa sepsis compared to
MRSA. The significant changes in sheep lung function after P. aeruginosa sepsis were associated
with significantly increased ADMA concentrations and arginase activity compared to MRSA.
However, the plasma concentration of nitrites and nitrates were significantly increased in MRSA
sepsis compared to P. aeruginosa sepsis. In the mice model, P. aeruginosa significantly increased
lung cytokine expression (IL-1 and 13), protein oxidation, and arginase activity compared to
MRSA. Our data suggest that the greater expression of cytokines and ADMA concentrations may
be responsible for severity of acute lung injury in P. aeruginosa sepsis. The lack of arginase
activity may explain the greater nitric oxide production in MRSA sepsis.
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INTRODUCTION
In the United States there are approximately 750,000 patients that suffer from sepsis,
resulting in 225,000 deaths annually (24). It is the tenth leading cause of death in the United
States (2, 33). Septic infections from gram-negative Pseudomonas aeruginosa (P.
aeruginosa) and gram-positive methicillin-resistant Staphylococcus aereus (MRSA) are
significant contributors to morbidity and mortality. Despite the significant advances in
critical care, the mortality of septic patients remains the same over the past two decades
(23). This may be related to increased presence of bacterial agents resistant to antibiotics.
Also, the specific host response to infection is related to the nature of the causative bacteria,
and there is a lack of different treatments based on the different types of bacteria.

We have recently reported that the severity of acute lung injury (ALI) during P. aeruginosa-
sepsis is more pronounced than in MRSA sepsis (9, 17). However, the microvascular
hyperpermeability was significantly higher in MRSA sepsis. The vascular leakage from
MRSA sepsis was associated with 2–3-fold increase in the plasma levels of nitrites and
nitrates (NOx). However, the mechanisms underlying these differences remain not
completely understood.

To date, there are no studies that compare host responses in large animals between MRSA
and P. aeruginosa, and consequently an effective treatment against both bacteria has not
been developed. We hypothesize that pro-inflammatory cytokines, protein oxidation and
asymmetric dimethylarginine (ADMA) are responsible for the severity of ALI in P.
aeruginosa sepsis, and that the significantly higher levels of plasma NOx in MRSA sepsis
may be associated with the moderately activated arginase pathway. We tested our hypothesis
using the well-established ovine and mice models of MRSA and P. aeruginosa sepsis.

MATERIALS AND METHODS
Animal Care and Use

This study was approved by the Institutional Animal Care and Use Committee of the
University of Texas Medical Branch and conducted in compliance with the guidelines of the
National Institutes of Health and of the American Physiology Society for the care, handling
and use of laboratory animals. The studies were completed at UTMB’s Investigative
Intensive Care Unit, which is a facility accredited by the Association for the Assessment and
Accreditation of Laboratory Animal Care (AAALAC).

Ovine Model
The model of the P. aeruginosa- and MRSA-induced sepsis has been previously developed
by our team and has been described in detail (9). Briefly, 18 adult female Merino sheep
(body weight, 30–40 kg) were surgically prepared under isoflurane anesthesia with a right
femoral artery catheter (Intracath, 16GA, 24IN, Becton Dickinson Vascular Access, Sandy,
UT), a thermodilution catheter (Model 131F7, Edwards Lifesciences LLC, Irvine, CA), and
a left atrial catheter (0.062 in. ID, 0.125 in. OD; Dow Corning, Midland, MI). After a 7-day
recovery period, sheep were randomly divided into three groups: sham (non-injured, non-
treated; n = 6), P. aeruginosa (n = 6), and MRSA (n = 6). A stock solution of either live P.
aeruginosa or MRSA (2–5 × 1011 CFU, P. aeruginosa Human Strain IRS 12-4-4, MRSA
Human Strain USA300) was suspended in 30 mL of 0.9% NaCl solution. P. aeruginosa
12-4-4 was used because it is the most common form of P. aeruginosa isolated from burn
patients, and it was isolated from a burn patient at Brook Army Medical Center in San
Antonio. MRSA USA300 is the most common MRSA strain in the United States. Ten
milliliters of solution either P. aeruginosa or MRSA was instilled in the right middle and
lower lobes and the left lobe of the lung by bronchoscope after isoflurane anesthesia. Based
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on the dose response curves of each bacteria (13, 29), the quantity of bacteria given was
based on achieving similar cardiovascular responses and hemodynamic variables such as
cardiac output, mean arterial pressure (MAP) and systemic vascular resistance index
(SVRI). Sham animals were anesthetized with isoflurane anesthesia and treated in the same
manner as the injured sheep but were instilled with physiological saline. After the injury or
the sham procedure, all sheep were awakened and placed on a ventilator with positive end
expiratory pressure set to 5 cm H2O and tidal volume maintained at 15 mL/kg. A large tidal
volume is required for sheep because their ratio of lung dead space to tidal volume (Vd/Vt)
is 0.6 compared to only 0.3 for humans (39). The sheep were ventilated with 100% oxygen
for the first 3 hrs after injury and the inspired oxygen was further adjusted according to
arterial oxygen and saturation. Respiratory rate was initially set at 20 breaths/minute and
thereafter adjusted to keep PaCO2 between 25–35 mm Hg. All sheep were resuscitated with
Ringer’s solution with an initial rate of 2 mL•kg−1•hr−1. The fluid rate was further adjusted
to maintain hematocrit levels close to baseline values (±3). The experiment continued for 24
hours.

Murine Model
The model of the P. aeruginosa-and MRSA-induced sepsis in mice has been previously
described in detail (20). Briefly, 18 C57Bl/6J mice (Jackson Laboratories, Bar Harbor, ME,
Catalog No. 000664; body weight, 15–20 g) were randomly divided into three groups: sham
(non-injured, non-treated, n = 6), P. aeruginosa (n = 6), and MRSA (n = 6). A stock solution
of either live P. aeruginosa or MRSA (3.2 × 107 CFU, P. aeruginosa Human Strain 12-1-1,
MRSA Human Strain USA300) was suspended in 20 µL of 0.9% NaCl solution. Under deep
anesthesia with isoflurane, mice were placed in a supine position and 20 µL of either P.
aeruginosa or MRSA was inserted into each nostril. Sham animals were anesthetized with
isoflurane anesthesia and treated in the same manner as the injured mice but were instilled
with physiological saline. The experiment continued for 8 hours.

Measured Variables
Lung Histology and Scoring—The protocol for lung histology and scoring has
previously been described in detail (6). Briefly, a 1 cm transverse slice was taken through
the middle of the lower lobe of the right ovine lung and injected with 10% buffered formalin
at necropsy. The tissue was then immersed in fixative for three to five days and sampled into
blocks. Following standardized paraffin embedding protocols, 4 µm sections were obtained
and stained with hematoxylin and eosin. An experienced pathologist scored the slides
without knowledge of the experimental group. Interstitial edema, perivascular edema,
vascular congestion, intra-alveolar hemorrhage, and the presence of clusters of bacteria
within alveoli were scored subjectively for the degree of the abnormality, using 0 for absent,
1 for mild, 2 for mild to moderate, 3 for moderate, 4 for moderate to severe and 5 for severe.
Intra-alveolar edema, atelectasis and the extent of neutrophils in alveoli, on the other hand,
were scored according to the percentage of the section occupied by the each, using 0 for
none, 1 for 1–20%, 2 for 20–40%, 3 for 40–60%, 4 for 60–80% and 5 for 80–100%.

Lung Homogenate Arginase Activity—The protocol to determine arginase activity in
lung tissue homogenate in mice after 8 hrs and in sheep after 24 hrs has previously been
described in detail (42). It is a colorimetric assay that uses α-isonitrosopropiophenone to
assess urea formation. Protein levels for each sample were determined using the Protein
Quantification Kit (Dojindo Molecular Technologies, Rockville, MD) the according to
manufacturer’s instructions. All results are expressed as µM urea/µg protein.

Plasma Nitrite/Nitrate (NOx)—The plasma NO levels were evaluated in sheep by
measuring the intermediate and end products, which are nitrates and nitrites (NOx).
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Concentrations were determined at 0, 6, 12, 18, 24 hrs using a commercially available assay
(Nitrate/Nitrite Colorimetric Assay Kit, Cayman Chemicals, Ann Arbor, MI, Catalog No.
780001).

Plasma ADMA—Plasma ADMA levels were evaluated in sheep by using a commercially
available assay (ADMA Direct ELISA Kit, ALPCO Diagnostics, Salem, NH, Catalog No.
30-7814).

Lung OxyBlot Detection of Protein Carbonylation—Lung homogenate detection of
protein oxidation in mice was evaluated by using a commercially available assay after 8 hrs
(OxyBlot Protein Oxidation Kit, Milipore, Billerica, MA, Catalog No. S7150).

Lung Homogenate IL-13 and IL-1 Protein Expression Western Blot—IL-13 and
IL-1 protein expression in mice from lung homogenate was determined using anti-IL-13
antibody (Santa Cruz, Santa Cruz, CA, Catalog No. sc-1776) with anti-rat IgG HRP
secondary antibody (R&D Systems, Minneapolis, MN, Catalog No. HAF005) and anti-IL-1
antibody (Abcam, Cambridge, MA, Catalog No. ab8155) with anti-goat IgG HRP secondary
antibody (R&D Systems, Minneapolis, MN, Catalog No. HAF109) as described previously
(15). Blots were completed using 20 µg of protein and were quantified by National Institutes
of Health IMAGE J (Image and Processing and Analysis in Java) scanning densitometry,
and normalized to total actin (I-19) (sc-1616) expression.

Statistical Analysis—All values are expressed as mean ± SEM using GraphPad Prism
Software (GraphPad Software, La Jolla, CA, USA). Results were compared between groups
using repeated measures (analysis of variance) and the Newman-Keuls multiple comparison
tests. A value of p < 0.05 was accepted as statistically significant.

RESULTS
All sheep and mice in each of the three study groups survived throughout the experimental
time period.

P. aeruginosa Induced a Reduced PaO2:FiO2 Ratio compared to MRSA in Sheep
Pulmonary gas exchange, measured by the ratio of the partial pressure of arterial oxygen
(PaO2) to the fractional concentration of oxygen in inspired air (FiO2), is significantly
decreased in P. aeruginosa and MRSA-treated sheep compared to uninjured sheep after 24
hours (p < 0.05; 205 ± 72 in P. aeruginosa-treated animals, 319 ± 82 in MRSA-treated
animals, and 600 ± 10 in sham animals, Figure 1). The PaO2/FiO2 ratio was significantly
lower with P. aeruginosa compared to MRSA. Significant increases in alveolar edema were
found between P. aeruginosa-treated and sham animals (0.67 ± 0.14 P.aeruginosa vs 1.83 ±
0.43 sham, p<0.05, 1.56 ± 0.55 MRSA, data not shown). Significant increases were also
seen in atelectasis between P. aeruginosa-treated and sham animals (0.20 ± 0.20 sham vs
1.67 ± 0.47 P.aeruginosa, p<0.05, 0.70 ± 0.18 MRSA, data not shown), as well as in
polymorphonuclear cells in the alveoli (0.15 ± 0.10 sham vs 1.58 ± 0.46 P.aeruginosa,
p<0.05, 0.95 ± 0.42 MRSA, data not shown).

Significantly Increased Lung Arginase Activity with P. aeruginosa-sepsis was Associated
with Moderately Increased NO Production and Significantly Increased Plasma ADMA
Concentrations in Sheep

Lung tissue arginase activity was significantly increased with P. aeruginosa treatment (0.16
± 0.16 µM urea/µg protein) compared to uninjured sheep (0.10 ± 0.01 µM urea/µg protein; p
< 0.05; Figure 2A). Arginase activity of MRSA-treated animals (0.13 ± 0.11 µM urea/µg
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protein) moderately increased compared to sham animals, but there was no statistical
significance between the two groups.

The stable end products of NO, which include nitrates and nitrites (NOx), significantly
increased after treatment with MRSA and P. aeruginosa after 18 hours in plasma compared
to uninjured animals. However, the plasma NOx levels were significantly higher in MRSA
sepsis compared to P. aeruginosa (11.84 ± 1.09 µM in MRSA-treated animals, 8.73 ± 0.44 in
P. aeruginosa-treated animals, and 6.72 ± 0.18 in sham animals after 18 hours, p < 0.05;
Figure 2B).

Plasma concentrations of ADMA significantly increased in animals treated with P.
aeruginosa compared to uninjured animals (1.79 µM ± 0.14 in P. aeruginosa-treated animals
versus 1.163 ± 0.18 in uninjured animals; p < 0.05; Figure 2C) and MRSA-treated animals.
There is essentially no increase in ADMA after treatment with MRSA (1.30 ± 0.28 µM;
Figure 2C) compared to uninjured animals after 24 hours.

P. aeruginosa was Associated with Significantly Increased Lung Arginase Activity, Protein
Oxidation, and IL-13 and IL-1 Cytokine Expression in Mice

P. aeruginosa induced a significantly higher arginase activity (0.17 ± 0.01 µM urea/µg
protein; p < 0.05; Figure 3A) than uninjured animals (0.11 ± 0.007 µM urea/µg protein) and
a higher activity than MRSA-treated animals (0.13 ± 0.007 µM urea/µg protein) when the
mice were sacrificed 8 hours after the injury.

P. aeruginosa-treated mice had significantly higher protein oxidation compared to MRSA-
treated and sham mice (16510 ± 1208 in P. aeruginosa-treated mice versus 12090 ± 648 in
MRSA-treated mice and 6339 ± 792 in sham mice; p < 0.05; Figure 3B). MRSA-treated
mice had a moderate but significantly higher oxidation compared to sham mice.

Western blot analysis was used in the mice model due to the lack of specificity of sheep
antibodies. P. aeruginosa induced a significantly higher IL-13 expression (7859 ± 1057; p <
0.05; Figure 3A) than uninjured animals (2802 ± 155) and MRSA-treated mice (2693 ±
693). A similar trend existed with IL-1 expression. P. aeruginosa -treated mice had
significantly higher IL-1 protein compared to MRSA-treated and sham mice (10310 ± 1301
in P. aeruginosa-treated mice versus 4416 ± 174 in MRSA-treated mice and 2877 ± 195 in
sham mice; p < 0.05; Figure 3B). MRSA-treated mice had moderate but significantly higher
IL-1 expression compared to sham mice.

DISCUSSION WITH CONCLUSIONS
Acute respiratory distress syndrome (ARDS) is a life-threatening condition that results from
a manifestation of many serious diseases, including sepsis and smoke inhalation injury (14,
25). It represents a clinical syndrome defined by acute pulmonary dysfunction with
deteriorated gas exchange (PaO2/FiO2 less than 200 mmHg) and bilateral pulmonary edema
not related to myocardial contractility failure (3, 41). Despite intensive research, the exact
mechanisms that lead to ARDS are not completely understood. The present study compares
the severity of ALI in the ovine and murine sepsis models induced by two different
pathogenic agents: P. aeruginosa and MRSA. P. aeruginosa 12-4-4 was used because it is the
most common form of P. aeruginosa isolated from burn patients, and it was isolated from a
burn patient at Brook Army Medical Center in San Antonio. MRSA USA300 is the most
common MRSA strain in the United States. We aimed to explore underlying mechanisms of
these different pulmonary responses and focused on cytokine expression, on oxidative stress,
and on the ADMA, NOS and arginase pathway using our well-established ovine and murine
models of sepsis (9, 20, 29). Results from this study demonstrate that P. aeruginosa causes a
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more severe lung injury compared to MRSA. In our study, the PaO2/FiO2 ratio decreases to
a greater extent after P. aeruginosa sepsis compared MRSA sepsis. The severity of P.
aeruginosa lung injury was associated with increased cytokine expression, oxidant stress,
ADMA, and arginase activity, while MRSA sepsis is associated with moderately increased
plasma nitrates and nitrites.

It is well established that pro-inflammatory cytokines mediate lung injury in sepsis (20, 21).
In the present study, pro-inflammatory cytokines such as IL-13 and IL-1 were significantly
more expressed in P. aeruginosa sepsis compared to MRSA sepsis in mice, which may
explain why the degree of lung injury was more severe with P. aeruginosa. IL-1 represents
an acute-phase inflammatory cytokine, while IL-13 represents a late-phase inflammatory
cytokine (28, 46). Mouse lungs were used to study inflammatory cytokines because of the
difficulty and lack of specific antibodies for sheep lungs. IL-13 was significantly increased
after only 8 hours in P. aeruginosa, indicating the severity of the injury. The severe lung
injury may also be explained by more pronounced oxidative stress observed with P.
aeruginosa sepsis. Lung injury during sepsis is associated with reactive oxygen species
(ROS), and the administration of antioxidants reduce organ injury (1). Liaw, et al.,
demonstrated that an inhibitor of ROS formation attenuated intraperitoneal injury from
sepsis in the rat model (22). There is also a direct relationship between ROS and pro-
inflammatory cytokines in the sepsis model (35, 40, 45).

The release of ROS is mediated through various pathways. ADMA is an analog of arginine
and an endogenous inhibitor of all three isoforms of NOS (7, 36, 37). It is synthesized by
hydrolysis of proteins with methylated arginine residues (5). In the presence of increased
ADMA, NOS can become uncoupled to produce superoxide (O2

−) (18, 31, 32, 38, 43, 44).
Thus, in the presence of ADMA, the increase in the NOS uncoupling increases ROS. In the
present study, the plasma levels of ADMA are significantly higher with P. aeruginosa
compared to MRSA. Thus it is possible that severity of lung injury in P. aeruginosa sepsis is
mediated by increased ADMA, resulting in excessive ROS formation. The recent report that
the lung is a major source of the ADMA and that elevated circulating levels of ADMA can
contribute to abnormal airway physiology may support our findings (4, 42). Future studies
will measure ADMA using gas chromatography-mass spectrometry instead of ELISA in
order to determine arginine concentrations as well. This will be a more accurate determinant
of whether ADMA inhibits NOS in our sepsis model.

An interesting finding was that MRSA sepsis was associated with a more excessive
production of NO by measuring its stable metabolites, nitrates and nitrites, in plasma despite
it only causing a moderate lung injury. In previous studies, we have reported the beneficial
effects of NOS inhibitors in P. aeruginosa sepsis. The non-specific NOS inhibitor L-NAME,
as well as neuronal NOS and inducible NOS inhibitors have significantly improved
pulmonary gas exchange following smoke inhalation injury and pneumonia with P.
aeruginosa (8, 10–12). Despite the excessively expressed NO in MRSA-sepsis, the animals
showed a milder lung dysfunction compared to P. aeruginosa. The reason and mechanism is
unknown. The future studies exploring these mechanisms are necessary. In previous studies,
we have demonstrated that reactive nitrogen species (RNS) such as peroxynitrite play a
critical role in ARDS induced by P. aeruginosa (26) and by cutaneous burn and smoke
inhalation injury (19). Peroxynitrite, which is formed from NO and superoxide, is more
toxic in high concentrations than NO. It causes lipid peroxidation, protein oxidation and
nitration, enzyme inactivation and eventually cell necrosis (34). Although we did not
measure RNS in this study, it is possible that the increased oxidative stress in P. aeruginosa
sepsis caused excessive RNS formation. The latter may partly explain why P. aeruginosa-
induced lung injury was more severe despite its association with moderately increased NO.
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As mentioned, P. aeruginosa sepsis was associated with significantly increased plasma
concentrations of ADMA compared to MRSA sepsis. It is well known that ADMA is a
potent endogenous inhibitor of NOS. Thus, the increased ADMA in P. aeruginosa sepsis
could explain the only moderately increased NO production compared to MRSA. Also, it is
noteworthy that MRSA sepsis did not affect the plasma levels of ADMA. Another
explanation for the differences in NO production between the two pathogens could be
related to the different responses in arginase activity. In the present study, we report that
lung arginase activity was significantly higher in P. aeruginosa sepsis. It is well known that
NOS and arginase compete for arginine. NOS converts arginine into citrulline and NO, and
arginase converts arginine to urea and ornithine (27, 30). Enhanced arginase activity results
in less arginine substrate for leading to moderate production of NO in Ps. aeruginosa sepsis.
We also report that expressions of pro-inflammatory cytokines, including Th2 cytokines
such as IL-13, were more pronounced in P. aeruginosa sepsis. Because the induction of
arginase is Th2 cytokine dependent (16), the higher arginase activity in P. aeruginosa sepsis
may be a result of more excessively expressed IL-13. Future studies will examine additional
acute and late-phase Th1 and Th2 cytokines such as TNF-α and IL-6 using both western
blots and ELISA and their effects on both arginase expression and activity.

Based on our previous studies and our current findings, P. aeruginosa-sepsis increases lung
cytokine expressions, which may cause increased reactive species and more severe
pulmonary dysfunction. The severe lung injury associated with P. aeruginosa sepsis may
occur because of significantly increased cytokine expression, oxidative stress, ADMA
concentrations and arginase activity compared to MRSA in ovine and murine models.
Increased ADMA concentration and arginase activity in P. aeruginosa may explain the
moderate production of NO in P. aeruginosa sepsis compared to MRSA. Our findings are
preliminary in the ovine model, and future studies will accurately determine the causal
relationship between ROS, NO, ADMA, and cytokines after MRSA and P. aeruginosa sepsis
using endothelial and epithelial cell culture and various knock-out mice. This is the first
report of the mechanistic differences between P. aeruginosa and MRSA sepsis, which
suggests that treatment strategies for P. aeruginosa and MRSA should consider their
different host responses.
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Figure 1.
Effect of MRSA and P. aeruginosa on PaO2:FiO2 in sheep. Each group includes 6 animals.
Data are shown as means ± SEM. †P < 0.05 versus uninjured sham animals, *P < 0.05
versus MRSA.
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Figure 2.
Effect of MRSA and P. aeruginosa on arginase activity, NO synthesis, and ADMA
concentrations in sheep. Each group includes 6 animals. (A) Lung homogenate was used to
measure arginase activity. Plasma was collected over time to measure (B) the products of
nitric oxide, nitrates and nitrites (NOx), and (C) ADMA concentrations. Data are shown as
means ± SEM. †P < 0.05 versus uninjured sham animals, *P < 0.05 versus MRSA.
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Figure 3.
Effect of MRSA and P. aeruginosa on arginase activity, protein oxidation, and expression of
IL-13 and IL-1 in mice. Each group includes 6 animals. Lung homogenate was used to
measure (A) arginase activity, (B) protein oxidation, (C) IL-13 protein expression, and (D)
IL-1 protein expression. Equality of protein loading was confirmed by the expression of B-
actin, and each band was quantified by densitometric analysis. Data are shown as means ±
SEM. †P < 0.05 versus uninjured sham animals, *P < 0.05 versus MRSA.
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