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Abstract
Exaggerated inflammatory responses and the resultant increases in alveolar-capillary permeability
underlie the pathogenesis of acute lung injury during sepsis. This study examined the functions of
aldose reductase (AR) in mediating acute lung inflammation. Transgenic mice expressing human
AR (ARTg) were used to study the functions of AR since mice have low intrinsic AR activity. In a
mild cecal ligation and puncture model, ARTg mice demonstrated an enhanced AR activity and a
greater inflammatory response as evaluated by circulating cytokine levels, neutrophil
accumulation in the lungs, and activation of Rho kinase in lung endothelial cells (ECs). Compared
with WT lung cells, ARTg lung cells produced more IL-6 and showed augmented JNK activation
in response to LPS stimulation ex vivo. In human neutrophils, AR activity was required for fMLP-
included CD11b activation and up-regulation, respiratory burst, and shape changes. In human
pulmonary microvascular ECs, AR activity was required for TNF-α-induced activation of the Rho
kinase/MKK4/JNK pathway and IL-6 production, but not p38 activation or ICAM-1 expression.
Importantly, AR activity in both human neutrophils and ECs was required for neutrophil adhesion
to TNF-α-stimulated ECs. These data demonstrate a novel role for AR in regulating the signaling
pathways leading to neutrophil-EC adhesion during acute lung inflammation.

Sepsis and subsequent multiple organ failure such as the development of acute respiratory
distress syndrome (ARDS)5 and acute lung injury (ALI) remain the leading cause of
mortality in patients in the intensive care units (1). The exaggerated inflammatory responses
of the host following infection and the resultant increases in alveolar-capillary permeability
and edema formation underlie the pathogenesis of ARDS and ALI (2). Systemic or locally
produced inflammatory mediators and/or intrapulmonary sequestrated neutrophils may all
target pulmonary endothelium to induce intracellular signaling events, resulting in
endothelial barrier dysfunction. Therapeutic interventions targeting cytokines such as TNF-α
and IL-1β, endotoxins, or neutrophil functions have yet to impart significant improvement in
clinical outcomes for patients with sepsis and ARDS/ALI. In this context, our study focused
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on the impact of upstream events of inflammatory signals in sepsis. Specifically, we have
focused on the role of the polyol pathway in mediating inflammatory signaling in sepsis.

The polyol pathway includes the rate-limiting enzyme aldose reductase (AR) and sorbitol
dehydrogenase (SDH). The substrates for AR include glucose and other saturated and
unsaturated aldehydes (3, 4). Substrate flux via AR requires NADPH, while SDH requires
NAD+. NADPH is also required for glutathione reductase activity, which is a major
antioxidant mechanism in many cells, including endothelial cells (ECs). Therefore, an
increased flux of glucose via AR competes with glutathione reductase for NADPH, resulting
in a redox imbalance and oxidative stress (5). Experimental evidence has indeed linked flux
via AR to increases in oxidative stress in hyperglycemic and ischemic states (6–8). AR has
been implicated in the development of microvascular dysfunction during diabetes (8, 9). In
addition, AR has been shown to mediate ischemia-reperfusion injury in both diabetic and
nondiabetic animals (8, 10). Recently, inhibition of AR was shown to prevent inflammatory
cytokine generation and cardiac dysfunction induced by LPS in mice (11).

The potential link between increased flux via AR and oxidative stress led us to hypothesize
that increased flux via AR may promote inflammation by modulating signaling pathways
that depend on reactive oxygen species. Both acute and sustained activation of JNK, for
example, requires production of reactive oxygen species and plays important roles in
regulating the expression of inflammatory cytokines such as IL-6, thereby promoting acute
inflammation (12–16). In this study, we induced a clinically relevant model of sepsis by the
cecal ligation and puncture (CLP) protocol to address the role of AR in mediating
inflammatory signaling in the murine lung. CLP-induced sepsis is polymicrobial in nature,
slow in onset, and prolonged in course. Since AR activity in the mouse is known to be
severalfold less than that in the rat and humans, transgenic mice expressing human AR
(ARTg) and their nontransgenic littermates were used to test the hypothesis that AR plays
important roles in regulating the progression of pulmonary inflammatory responses in
sepsis. The acute inflammatory responses were evaluated by measuring systemic cytokine
expression, neutrophil infiltration into the lungs, and activation of lung ECs. Furthermore,
we investigated the signaling mechanisms that are regulated by AR during inflammation in
human neutrophils and human pulmonary microvascular ECs.

Materials and Methods
Mice, AR activity, and CLP

All of the animal studies were performed with the approval of the Institutional Animal Care
and Use Committee at Columbia University. Mice between 12 and 15 wk of age were used
for the experiments. Mice transgenic for human AR (ARTg) driven by the MHC class I
promoter were backcrossed 10 generations to the C57BL6 background as previously
described (10).

Wild-type (WT) mice and ARTg mice were subdivided into three groups consisting of
control, sham, and CLP. The CLP procedure was performed as described previously (17).
Briefly, animals were anesthetized with ketamine (100 mg/kg) and xylazine (10 mg/kg). The
appendix was identified and exteriorized along with the cecum. Cecum was ligated ~1 cm
from the ileocecal junction and a single puncture was made in the cecum using a 22-gauge
needle with the expression of a small amount of cecal content into the abdominal cavity. The
cecum along with the appendix was replaced into the abdominal cavity and the anterior
abdominal wall was closed in layers. Sham animals were subjected to a laparotomy
consisting of opening the anterior abdominal wall and peritoneal cavity followed by closure
of the abdominal wall in layers. The animals were sacrificed 24 h later to evaluate acute
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inflammatory responses. This model of CLP did not induce significant mortality within 24 h
when compared with animals treated with the sham procedure.

AR activity in the lungs of untreated, sham-operated and CLP-treated WT C57BL6 mice
and mice expressing human AR (ARTg) was evaluated by measuring NADPH consumption
using D-glyceraldehyde as a substrate (10). One unit of AR activity is defined as nanomoles
of NADPH consumed per milligram of lung tissue proteins per minute.

Evaluation of acute inflammatory responses in mice in vivo
The acute inflammatory responses following CLP were evaluated by measuring 1)
circulating inflammatory mediators including IL-6, TNF-α, and C-reactive protein in plasma
using ELISA, 2) neutrophil content in the bone marrow, 3) neutrophil accumulation in the
lungs, and 4) the activity of Rho kinase in lung ECs.

The circulating IL-6 and TNF-α levels were measured in plasma using an ELISA kit
according to the manufacturer’s instructions (eBioscience). Glucose levels in blood were
measured by using a Nova Biomedical PHOx plus L analyzer.

To measure neutrophil content in the bone marrow, femurs were obtained from WT or AR-
expressing mice, and their marrow cavities were flushed using ice-cold PBS. The single-cell
suspension was analyzed for neutrophil content by staining for GR1, a cell surface marker
for murine neutrophils, and CD11b using flow cytometry (Abs were obtained from
eBioscience). The proportion of cells positively stained for GR1 and CD11b was determined
using a FACSCalibur (BD Biosciences).

To evaluate neutrophil accumulation in the lungs, the single lung cell suspension was
obtained by protease digestion and the proportion of neutrophils (GR1+) was determined by
flow cytometry using protocols as recently described (11).

To evaluate the activity of Rho kinase in lung ECs following CLP, lung ECs were freshly
isolated from lung single cell suspensions and Rho kinase activity in freshly isolated lung
ECs was evaluated by measuring the phosphorylation state of a major Rho kinase substrate,
myosin phosphatase targeting subunit 1 (MYPT-1), at threonine 853 by immunoblotting
(Upstate Biotechnology) as recently described (18).

Evaluation of the effect of human AR expression on inflammatory responses ex vivo
The effect of human AR expression was examined ex vivo using cells isolated from
untreated WT and ARTg mice. Bone marrow-derived neutrophils from untreated WT or
ARTg mice were stimulated ex vivo using vehicle or fMLP, and cell surface expression of
CD11b or shape changes were evaluated using flow cytometry.

In addition, single lung cells were isolated from WT mice and ARTg mice and these freshly
isolated lung cells were stimulated using LPS. The supernatants were collected for cytokine
measurement (TNF-α and IL-6) using ELISA, and the cell pellets were collected to evaluate
JNK activation using immunoblot.

Human pulmonary microvascular endothelial cells, pharmacologic inhibitors, and
activation of signaling pathways

Human pulmonary microvascular ECs (Cambrex) were grown on dishes precoated with 4
μg/ml fibronectin. Confluent ECs were treated with either vehicle (PBS containing 0.1%
BSA) or 20 ng/ml recombinant human TNF-α for 5 min to 24 h by adding vehicle or a stock
solution directly to EC cultures (12).
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The role of AR was evaluated by pretreatment with a specific pharmacologic inhibitor,
zopolrestat, for 24 h at the indicated concentration. The activity of JNK, p38, MKK4, and
Rho kinase following TNF-α stimulation was evaluated by measuring the amount of
phosphorylated and active forms of these kinases or their downstream effectors:
phosphorylated JNK (threonine 183/tyrosine 185), p38 (threonine 180/tyrosine 182), MKK4
(serine 257/threonine 261), and myosin L chain (threonine 18/serine 19) (Cell Signaling),
respectively. The expression of ICAM-1 on the EC surface was evaluated using flow
cytometry (eBioscience). IL-6 production was evaluated using ELISA (eBioscience).

Human neutrophil isolation, neutrophil responses to chemoattractants, and neutrophil-
endothelial cell adhesion

Blood was drawn from healthy human volunteers by venipuncture after obtaining informed
consent. Human neutrophils were isolated using Histopaque density gradients (Sigma-
Aldrich) according to the manufacturer’s protocols. The purity of isolated neutrophils was
>95%. The role of AR in regulating neutrophil responses was examined by treating purified
human neutrophils with vehicle or 200 μM zopolrestat for 30 min at room temperature.

The effect of AR inhibition on the up-regulation of CD11b on the neutrophil surface was
evaluated using flow cytometry. Neutrophils treated with vehicle or zopolrestat were
stimulated with control or 1 μM fMLP, and total cell surface CD11b as well as the active
CD11b epitope was evaluated using an Ab that recognizes total CD11b (clone ICRF44) or
CD11b activation epitope (clone CBRM1/5; eBioscience).

The effect of AR inhibition on superoxide production and respiratory burst was evaluated
using a cytochrome c reduction assay (19). Neutrophils were incubated in 80 μM
cytochrome c solution in the absence or presence of 150 U/ml superoxide dismutase. Either
vehicle or 1 μM fMLP was added to each group, and absorbance at 550 nm was measured
for 20 min at 37°C at a 1-min interval. The rate of superoxide dismutase-inhibitable
reduction of ferricytochrome c at 550 nm was measured, and release of O2

− was calculated
as nanomoles of superoxide produced per 10 million cells per minute using an extinction
coefficient of 22 nM−1cm−1.

The effect of AR inhibition on neutrophil-EC adhesion was evaluated by pretreating ECs or
neutrophils with zopolrestat. Confluent ECs plated onto 96-well plates were treated with 20
ng/ml TNF-α along with vehicle or 200 μM zopolrestat for 24 h. After two washes with
HBSS containing 1.2 mM Ca2+, 0.4 mM Mg2+, and 5.5 mM glucose, neutrophils treated
with vehicle or zopolrestat were added to the ECs. The plate was gently centrifuged at 200
rpm/min for 2 min and neutrophils were allowed to adhere for 15 min. Nonadherent
neutrophils were washed and the cells were fixed with 10% buffered formalin. The number
of neutrophils that adhered was counted using an inverted microscope.

The effect of AR inhibition on neutrophil spreading on ECs during neutrophil-EC adhesion
was evaluated using confocal microscopy. Neutrophils were labeled with 5 μg/ml CFSE, and
neutrophils or ECs were treated with zopolrestat and neutrophils were allowed to adhere to
ECs for 15 min as described above. The cells were washed and fixed with paraformaldehyde
and stained for F-actin using rhodamine-phalloidin. Confocal images of different fields were
acquired, and the projection area of neutrophils was quantitated using NIH ImageJ.

The effect of AR inhibition on neutrophil CD11b expression during neutrophil-EC adhesion
was evaluated using flow cytometry. Neutrophils or ECs were treated with zopolrestat and
neutrophils were allowed to adhere to ECs for 15 min as described above. Neutrophils that
remained in the supernatant (nonadherent neutrophils) were removed, and neutrophils that

Ravindranath et al. Page 4

J Immunol. Author manuscript; available in PMC 2011 July 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



were adherent to ECs were detached by cold EDTA containing PBS. The CD11b expression
was evaluated using flow cytometry.

Statistical analysis
Data were analyzed using the Student t test or one-way ANOVA followed by post hoc
comparisons (least significant difference test). A p <0.05 is considered significant. The data
are expressed as the mean value ±SEM.

Results
Expression of human AR results in enhanced inflammatory responses induced by CLP

The acute inflammatory responses during the early phase of CLP-induced injury were
compared between WT mice and mice expressing human AR (ARTg mice). In WT mice,
circulating IL-6 levels increased significantly 24 h following the onset of CLP (Fig. 1A).
This increase was significantly higher in ARTg mice vs WT mice (Fig. 1A). Similarly,
increases in circulating TNF-α following CLP were significantly greater in ARTg mice
compared with WT mice (Fig. 1B). In animals that received no operations or in sham-
operated animals, the basal levels of these cytokines were similar between WT and ARTg
mice. As has been shown in previous studies (20), the blood glucose level decreased
following CLP and no difference was observed between WT and ARTg mice, either basally
or following CLP (data not shown).

The activity of AR in the lungs of WT mice and ARTg mice following CLP was evaluated.
In WT mice, which are known to exhibit low activity of AR, induction of CLP did not
increase the activity of AR (Fig. 2A). However, in ARTg mice, the activity of AR was
significantly increased following CLP (Fig. 2A). Examination of AR expression in
neutrophils and in lung ECs showed that AR was expressed in both cell types in WT mice
and that AR expression was markedly increased in both cell types in ARTg mice (Fig. 2B).

In mice, the bone marrow contains the majority of total body neutrophils and only a small
fraction of the total bone marrow neutrophils is released into circulation at steady state (21).
In untreated mice or sham-operated mice, ~20% of total extracted bone marrow cells were
positive for neutrophil markers GR1 and CD11b. The expression levels of CD11b and GR1
on mature vs immature neutrophils vary in the bone marrow. The more mature neutrophils
express high levels of GR1, while the least mature ones express low levels of GR1 (22).
Following CLP, the percentage of total neutrophils in the bone marrow decreased, indicating
the release of bone marrow neutrophils in this early phase of inflammatory responses (Fig.
3A). Both mature neutrophils (high GR1 expressing) and immature neutrophils (low GR1
expressing) were released (Fig. 3A). This release response was similar between WT and
ARTg mice (Fig. 3A).

The accumulation of neutrophils in the lung tissues was then examined by measuring
percent GR1+ cells in lung single cell suspensions using flow cytometry. In untreated or
sham animals, there was a marginated pool of neutrophils in the lungs as has been shown in
previous studies (23), and no difference was observed between WT and ARTg mice (Fig.
3B). This mild model of CLP did not induce neutrophil recruitment into the lungs of WT
mice (Fig. 3B). In ARTg mice, however, significant neutrophil infiltration in the lungs was
observed (Fig. 3B). This increase in neutrophils in the lungs of ARTg mice was totally
accounted for by the increase in GR1low immature neutrophils (Fig. 3B).

Lung endothelium is a major target of inflammatory cytokines during sepsis and plays an
essential role in regulating permeability and leukocyte trafficking. Sequestered neutrophils
further signal into ECs and result in EC injury. One of the key signaling pathways that plays
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important roles in regulating EC cytoskeleton remodeling, permeability increases, and
leukocyte trafficking is the Rho kinase pathway (12, 18, 24, 25). To determine whether the
enhanced inflammatory responses observed in ARTg mice are linked to enhanced activation
of the Rho kinase pathway in lung ECs, ECs were isolated from mouse lungs for Rho kinase
evaluation. In WT mice, CLP induced a 2-fold increase in Rho kinase activity in lung ECs
when compared with untreated or sham-operated mice. CLP-induced activation of Rho
kinase in lung ECs was enhanced in ARTg mice (Fig. 3C). The fold increase in Rho kinase
activity induced by CLP over sham-operated animals measured 2.0 ± 0.4 and 3.2 ± 0.4 in
WT and ARTg mice, respectively (p < 0.05), consistent with the enhanced inflammatory
responses observed in these animals.

Expression of human AR augments LPS-induced cytokine production from mouse lung
cells ex vivo

To directly address whether expression of human AR influences lung inflammation, an ex
vivo approach was taken to evaluate the responses of lung cells to LPS stimulation. Lung
cells were isolated from untreated WT and ARTg mice and stimulated ex vivo with LPS.
LPS challenge induced IL-6 production from WT lung cells and this response was
significantly augmented in ARTg lung cells (Fig. 4A). In contrast, TNF-α production was
not significantly different between WT and ARTg lung cells exposed to LPS challenge.
These data suggest that human AR expression may alter specific signaling pathways leading
to IL-6 expression but not TNF-α production in the lung. Since IL-6 expression has been
shown to be dependent on JNK activation, the phosphorylation of JNK in lung cells
following LPS stimulation was also examined. LPS induced JNK activation in WT lung
cells and this response was further enhanced in ARTg lung cells (Fig. 4A).

In addition, the effect of human AR expression on the neutrophil response to
chemoattractants was examined. fMLP-induced CD11b up-regulation on bone marrow-
derived neutrophils was similar in WT and ARTg mice (Fig. 4B). Interestingly, neutrophil
shape changes, as evaluated by changes in forward scatter (FSC) values, were significantly
enhanced in ARTg neutrophils compared with WT neutrophils (Fig. 4B).

These in vivo data indicated that human AR expression resulted in enhanced inflammatory
responses in the early phase of CLP-induced injury in mice: more inflammatory mediators
were produced; neutrophil accumulation in the lungs was enhanced, and the activation of
Rho kinase in lung ECs was augmented. Ex vivo studies provided evidence that human AR
expression and activity augmented LPS-induced JNK activation and IL-6 expression in lung
cells and enhanced neutrophil shape changes induced by fMLP. The following studies were
thus performed to determine the role of AR activation in regulating EC responses to
inflammatory cytokines, neutrophil responses to chemoattractants, and neutrophil-lung EC
interactions using well-characterized in vitro models. Primary human pulmonary
microvascular ECs and neutrophils isolated from healthy volunteers were used for these
studies.

AR activity is required for TNF-α-induced JNK activation in human lung ECs
Production of inflammatory cytokines such as TNF-α during CLP plays important roles in
regulating the progression of inflammatory responses by targeting pulmonary microvascular
endothelium to induce expression of adhesion molecules, chemokines, and cytokines. To
address whether AR activity in lung ECs is required for TNF-α-induced signaling pathways,
the effect of an AR inhibitor, zopolrestat, was examined. ECs were pretreated with a control
vehicle or zopolrestat in a dose-dependent manner before they were stimulated with 20 ng/
ml TNF-α for 15 min (peak of JNK and p38 activation) or 3 h (plateau phase of JNK and
p38 activation). In a dose-dependent manner, zopolrestat inhibited TNF-α-induced JNK
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activation (Fig. 5, A and B). Activation of MKK4, one of the MKKs that phosphorylate and
activate JNK, was also inhibited (Fig. 5, A and B). One of the upstream signaling pathways
regulating TNF-α-induced MKK4/JNK activation in lung ECs is the Rho kinase pathway
(12). Pretreatment with zopolrestat inhibited TNF-α-induced Rho kinase activation, as
evaluated by phosphorylation of the myosin light chain, one of the major downstream Rho
kinase effectors (Fig. 5, A and B). Activation of p38, however, was not significantly
inhibited by pretreatment with zopolrestat (Fig. 5, A and B). The effect of another class of
AR inhibitors, sorbinil, on TNF-α-induced JNK activation was also examined. Sorbinil
dose-dependently inhibited TNF-α-induced JNK activation at both 15 min and 3 h (Fig. 5C).
Activation of JNK leads to AP-1-dependent transcription of inflammatory genes such as
IL-6 (12, 16). Pretreatment with zopolrestat prevented TNF-α-induced IL-6 production (Fig.
5D). By contrast, TNF-α-induced ICAM-1 expression on EC surface was not inhibited by
treatment with zopolrestat (Fig. 5E). These data indicate that AR activity is required for
TNF-α-induced JNK activation, but not p38 activation or ICAM-1 expression.

AR activity is required for fMLP-induced CD11b up-regulation and superoxide generation
in human neutrophils

The role of AR in regulating human neutrophil responses to a chemoattractant was also
evaluated using zopolrestat. Stimulation of human neutrophils isolated from venous blood
with fMLP caused an up-regulation of total CD11b on neutrophils as well as the active
CD11b epitope in the I domain recognized by the CBRM1/5 Ab (Ref. 26 and Fig. 6A). Both
responses were completely inhibited when neutrophils were pretreated with zopolrestat (Fig.
6A). In addition, neutrophils stimulated with fMLP in suspension showed changes in cell
shape that could be detected as changes in mean values in FSC using flow cytometry. In
control neutrophils, fMLP stimulation caused an increase in mean FSC (Fig. 6B). This
response was completely inhibited by pre-treatment of neutrophils with zopolrestat (Fig.
6B). Respiratory burst was evaluated using the cytochrome c reduction assay. fMLP induced
superoxide production in human neutrophils (Fig. 6C). Pretreatment with zopolrestat
reduced the baseline as well as fMLP-induced superoxide production (Fig. 6C).

AR activity regulates the interaction between TNF-α-activated lung ECs and neutrophils
Whether AR activity regulates the adhesion between TNF-α-stimulated ECs and neutrophils
was examined in the following experiments. TNF-α stimulation of lung ECs induces the
expression of chemoattractants by ECs, which are sufficient to prime neutrophils in the
absence of exogenous neutrophil activators (27). Indeed, few neutrophils adhered to ECs
when ECs were not stimulated with TNF-α (Fig. 7A). Neutrophil adhesion to TNF-α-
stimulated ECs was inhibited when ECs were treated with zopolrestat, indicating that AR
activity in ECs is required for neutrophil adhesion. Since AR activation was required for
TNF-α-induced JNK activation in lung ECs, the effect of inhibiting JNK in EC was also
examined using a JNK inhibitor, SP600125. Treatment of lung ECs with SP600125 also
inhibited neutrophil-EC adhesion, suggesting that JNK-dependent mechanisms are required
and that AR in ECs regulates neutrophil adhesion likely through a JNK-dependent
mechanism (Fig. 7A). Pretreatment of neutrophils with zopolrestat also inhibited neutrophil
adhesion to ECs, consistent with the observations that activation of AR in neutrophils is
required for CD11b up-regulation on neutrophils following stimulation with a
chemoattractant.

Efficient neutrophil adhesion to TNF-α-stimulated ECs requires coordinated changes in
neutrophil cell shape and activation of neutrophil adhesion molecules such as CD11b.
CD11b expression was increased on neutrophils adherent to ECs and this increase was
inhibited when neutrophils were pretreated with zopolrestat, consistent with the critical role
of AR in regulating neutrophil responses to chemoattractants (Fig. 7B). Treatment of ECs
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with zopolrestat alone did not inhibit CD11b up-regulation (Fig. 7B). Interestingly, the
measurement of the neutrophil area indicated that neutrophils were less spread when ECs or
neutrophils were pretreated with zopolrestat (Fig. 7C). These results suggest that at least two
mechanisms underlie the activation of neutrophils by TNF-α-stimulated ECs: an AR-
dependent mechanism for neutrophil spreading and a JNK- and AR-independent mechanism
for CD11b up-regulation.

Discussion
This study presented evidence that AR plays an important role in regulating the
inflammatory response. Acute inflammatory responses induced by CLP are enhanced in
ARTg mice. In both neutrophils and lung ECs, activity of AR is required for their responses
to soluble inflammatory mediators and regulates neutrophil-EC adhesion.

The CLP model used in this study induced a mild injury and did not result in any mortality
by 24 h. This model allows us to focus on the early events that occur before the development
of severe systemic inflammatory responses characterized by multiorgan dysfunction
including ARDS/ALI. The presence of systemic inflammatory responses was confirmed by
elevated IL-6 and TNF-α levels in plasma and by the release of neutrophils from bone
marrow. Lung ECs showed activation of Rho kinase, a signaling molecule that is important
for regulating EC permeability increases and JNK activation induced by inflammatory
cytokines (12). However, there was no detectable neutrophil infiltration into the lungs of
WT mice. Measurement of AR activity in the lungs of WT mice showed that although there
is low expression/activity of AR in the WT lungs, no significant increase in AR activity
following CLP was noted. In contrast, in the lungs of ARTg mice, a significant increase in
AR activity was induced following CLP. It is interesting to note that AR activity does not
directly correlate with the amount of AR protein in the untreated mice. This may be due to
the fact that AR has low intrinsic affinity for its substrate and that AR activity can be
modulated through posttranslational modification such as oxidation (28). The production of
IL-6 and TNF-α was also increased, indicating an exaggerated systemic inflammatory
response. Circulating IL-6 increases in septic patients and in mice during CLP-induced
sepsis and high IL-6 levels correlate with high mortality in septic patients as well as in CLP-
induced sepsis in mice (29–31). Moreover, Rho kinase activation in lung ECs and neutrophil
accumulation into the lungs were enhanced in ARTg mice. This enhanced inflammatory
response in the lungs of ARTg mice was accompanied by an increase in AR activity in the
lungs of ARTg mice following CLP. These enhanced inflammatory responses observed in
ARTg mice during CLP may be due to a direct role for AR in regulating signaling pathways
leading to enhanced inflammatory cytokine/chemokine production and/or due to a role for
AR in regulating cell responses to inflammatory mediators. Our in vivo, ex vivo, and in vitro
studies have suggested that both mechanisms exist. Lung cells from ARTg mice showed
more robust JNK activation and IL-6 production in response to LPS stimulation, supporting
a role for AR in regulating cytokine production in the lung. The production of TNF-α by
WT or ARTg lung cells in response to LPS, however, was not different. This is in contrast to
increased serum TNF-α levels during CLP in ARTg mice. This difference is interesting and
may be attributed to a different role played by AR in regulating TNF-α production in
different tissues during inflammation. Besides playing a role in regulating cytokine
production, AR clearly regulates specific signaling pathways in both lung ECs and
neutrophils in response to inflammatory mediators.

During inflammation, circulating neutrophils are recruited to the site of inflammation and
this transient neutropenia is accompanied by the release of neutrophils from the bone
marrow into the circulation. This neutrophil release response may be induced by numerous
inflammatory mediators and TLR agonists (21). Both WT and ARTg mice efficiently release
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their bone marrow neutrophils by 24 h, indicating that the enhanced neutrophil recruitment
into the lungs of ARTg mice may not be due to a difference in the neutrophil bone marrow
release response. Interestingly, the increase in neutrophil infiltration into the lungs of ARTg
mice was totally accounted for by the increase in the immature, low GR1-expressing
neutrophils, consistent with the notion that the newly released and immature neutrophils
have longer transit time through the pulmonary circulation than mature neutrophils (32).
These data also suggest that neutrophil release from the bone marrow into the circulation
alone is not sufficient to induce neutrophil sequestration into the lungs and that lung
parenchymal cell such as the lung ECs have to be activated and coordinate neutrophil
accumulation.

Neutrophil adhesion to lung ECs is a prerequisite for neutrophil recruitment from blood into
the lungs during inflammation. Cytokine activation of lung ECs plays an important role in
regulating neutrophil adhesion by inducing the expression of chemoattractants on ECs,
thereby activating neutrophils to express adhesion molecules such as CD11b (27). The data
presented in this study indicate that AR activity in both lung ECs and neutrophils is required
for neutrophil adhesion. On the EC side, AR activity is required for TNF-α-stimulated ECs
to induce neutrophil adhesion in a JNK-dependent manner, while on the neutrophil side, AR
activity is required for neutrophils to up-regulate CD11b expression and to release
superoxide. As a result, when AR is blocked in either ECs or neutrophils, neutrophil
adhesion to TNF-α-activated ECs is impaired.

Activation of lung ECs by cytokines such as TNF-α plays an important role in promoting
neutrophil adhesion and activation and, therefore, mediates the progression of an
inflammatory response in the lung. In this context, TNF-α induces ICAM-1 expression on
lung ECs and production of mediators that promote neutrophil adhesion and activation such
as platelet-activating factor, IL-8, and GM-CSF (27, 33, 34). AR activity in ECs is required
for TNF-α-induced Rho kinase and JNK activation, but not p38 activation or ICAM-1
expression. Interestingly, activation of the Rho kinase and JNK pathways play essential
roles in regulating neutrophil infiltration into the lungs (35, 36). These data suggest that AR
modulates lung inflammation, at least in part, by regulating these important acute
inflammatory signaling pathways. Since TNF-α-induced JNK activation requires reactive
oxygen species production (13–15), these data led us to hypothesize that AR flux regulates
JNK activation by altering the balance of oxidant/antioxidants. AR inhibitors have been
reported to blunt both hyperglycemia-induced superoxide production by cultured ECs and
hyperglycemia-induced endothelium-dependent superoxide production by aortic rings, as
well as to protect reduced glutathione tissue levels, and to normalize markers of oxidative
stress in diabetic tissue, such as malondialdehyde (17, 37–39). Excess flux through AR has
been linked to 1) excess oxidation of NADPH, essential for glutathione reduction, as well as
2) SDH-mediated excess production of NADH (10), a potential substrate for NADH oxidase
and for mitochondrial metabolism. Examination of neutrophil shape and CD11b expression
demonstrates that neutrophils adherent to TNF-α-activated ECs are elongated and express
higher levels of CD11b than neutrophils added to untreated ECs. These results indicate that
neutrophil activators produced by TNF-α-activated lung ECs are in close proximity to the
EC surface. Interestingly, the mediators that regulate neutrophil shape changes and CD11b
expression can be differentiated based on the requirement for AR activity: the mediators that
regulate neutrophil shape changes require AR activity, while those that regulate neutrophil
CD11b up-regulation do not. These data support previous observations that multiple EC-
associated neutrophil activators are responsible for neutrophil priming and activation during
neutrophil adhesion to cytokine-activated ECs and indicate a role for AR in lung ECs in
regulating neutrophil-EC interactions.
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AR activity is essential for neutrophil responses induced by cytokine-stimulated ECs and by
exogenous chemoattractants such as fMLP. fMLP-induced CD11b up-regulation as well as
superoxide generation are completely prevented by AR inhibition. In addition, upon
adhesion to TNF-α-activated ECs, inhibition of AR in neutrophils is sufficient to inhibit
CD11b up-regulation, neutrophil shape changes, and neutrophil adhesion to ECs. These data
indicate that AR is required for neutrophils to respond to chemoattractants produced by
TNF-α-stimulated ECs, thereby modulating neutrophil adhesion. The assembly and
activation of NADPH oxidase, which uses NADPH to convert oxygen to superoxide,
mediates respiratory burst-induced superoxide generation (40). Neutrophils deficient in
glucose metabolism have impaired respiratory burst, chemotaxis, and are unable to
accumulate at the site of inflammation (41– 43). Conversely, an acute increase in
extracellular glucose concentration increases cytoplasmic NADPH and promotes neutrophil
superoxide production (44, 45). The increase in the NADPH level interestingly correlates
with a concomitant decrease in glycolysis, which led to the hypothesis that the pathway
leading to NADPH production competes with glycolysis for the shared substrate, glucose-6-
phosphate (43). Excess flux via AR results in a decrease in the cofactors necessary for
glycolysis (10). These data raised the hypothesis that in response to chemoattractants, excess
flux via AR favors NADPH and NADH accumulation for superoxide generation.

These data led us to propose the following working hypothesis through which AR regulates
neutrophil-EC interactions in the lungs during early inflammatory responses in sepsis (Fig.
8). AR regulates the production of inflammatory cytokines such as TNF-α. Moreover, AR
activity in both neutrophils and cytokine-stimulated ECs is required for neutrophil adhesion
to ECs. In ECs, AR activity regulates neutrophil shape changes through a MKK4/ JNK-
dependent mechanism, while in neutrophils, AR activity is required for neutrophils to
respond to EC-associated chemoattractants and CD11b up-regulation. The coordinated
CD11b/ICAM-1-mediated adhesion and neutrophil shape changes modulate neutrophil
sequestration in the lungs, an early event in the development of lung injury in sepsis. These
data raise hypotheses for future studies to test how AR-catalyzed pathways regulate
inflammatory signaling in both ECs and neutrophils leading to neutrophil-EC adhesion in
the lung.
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FIGURE 1.
Circulating IL-6 and TNF-α levels during CLP in WT mice and mice expressing human AR
(ARTg). The expression of IL-6 (A) and TNF-α(B) was measured using ELISA. □, Mice
receiving no treatment; , mice receiving sham procedure; and ■, mice receiving CLP. Data
represent mean ± SEM (n =4–9 individual animals each group). *, p < 0.05 when compared
with mice that received no treatment or sham-operated; #, p < 0.05 when compared with WT
mice in the corresponding group.
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FIGURE 2.
A, AR activity was enhanced in the lungs of ARTg mice following CLP. Data represent
mean ± SEM (n = 4–8 individual animals in each group). *, p < 0.05 when compared with
sham-operated animals; #, p < 0.05 when compared with WT mice following CLP. B, AR
expression was enhanced in both neutrophils and lung ECs of ARTg mice. Neutrophils were
isolated from the bone marrow and ECs were isolated from mouse lungs. The expression of
AR was examined using immunoblot.
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FIGURE 3.
The role of human AR expression in regulating neutrophil release from the bone marrow
(A), neutrophil accumulation in the lung (B), and Rho kinase activation in lung ECs (C). A,
Neutrophil numbers similarly decreased in the bone marrow during CLP in WT and ARTg
mice. Neutrophil number was evaluated by measuring percent CD11b+GR1+ cells in the
bone marrow using flow cytometry. B, Neutrophil infiltration was increased in the lungs of
ARTg mice. Accumulation of total neutrophils or immature neutrophils in the lung was
evaluated by measuring GR1- expressing or low GR1-expressing cells using flow
cytometry. □, Mice receiving no treatment; , mice receiving sham procedures; and ■, mice
receiving CLP. Data represent mean ± SEM (n = 4–8 individual animals in each group). *, p
< 0.05 when compared with mice that received no treatment or sham-operated; #, p < 0.05
when compared with WT mice in the corresponding group. C, Lung ECs were isolated from
untreated control mice, sham-operated mice, or mice following CLP for 24 h. Rho kinase
activation in freshly isolated lung ECs was examined by measuring the amount of
phosphorylated myosin phosphatase targeting subunit 1 (Pi-MYPT; endogenous, 130 kDa),
a major Rho kinase substrate. Total ezrin, radixin, and moesin (ERM, 80 kDa) was
examined as a loading control. Each lane represents samples obtained from different
individual animals.
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FIGURE 4.
The role of human AR expression in regulating lung cell responses to LPS (A) and
neutrophil responses to fMLP (B). A, Lung cells were isolated from untreated WT or ARTg
mice and stimulated with vehicle or LPS for 15 min or 3 h. IL-6 and TNF-α production was
measured using ELISA, and activation of JNK was measured using immunoblot. Data
represent results from three individual mice in each group. *, p < 0.05 when compared with
no-LPS-treated controls; #, p < 0.05 when compared with WT lung cells and ARTg lung
cells in the corresponding group. B, Bone marrow neutrophils from WT or ARTg mice were
stimulated with fMLP in suspension, and up-regulation of surface CD11b and changes in
mean FSC values were evaluated using flow cytometry. Data represent results from three
individual mice in each group. *, p < 0.05 when compared with no-fMLP-treated controls; #,
p < 0.05 when compared with WT neutrophils and ARTg neutrophils in the corresponding
group.
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FIGURE 5.
AR activity is required for TNF-α-induced activation of Rho kinase, MKK4, and JNK and
production of IL-6 in human pulmonary microvascular ECs. A, ECs were pretreated with
vehicle or zopolrestat at the indicated doses before they were stimulated with 20 ng/ml TNF-
α for 15 min or 3 h. Activation of JNK, MKK4, Rho kinase, or p38 was examined. A
representative experiment is shown. B, Densitometric analysis of multiple experiments
shown in A. Data represent mean ± SEM (n = 4 independent samples for each data point). #,
p < 0.05 when compared with samples treated with control vehicle in the corresponding
group. C, The effect of another class of AR inhibitors, sorbinil, on TNF-α-induced JNK
activation. ECs were pretreated with vehicle or sorbinil at the indicated doses before they
were stimulated with 20 ng/ml TNF-α for 15 min or 3 h. Activation of JNK was examined.
Data represent mean ± SEM (n = 4 for each data point). #, p < 0.05 when compared with
samples treated with control vehicle in the corresponding group. D, Pretreatment with
zopolrestat inhibited TNF-α-induced IL-6 production by ECs as evaluated using ELISA.
Data represent mean ± SEM (n = 4 for each data point). *, p < 0.05 when compared with no-
TNF-treated controls; #, p < 0.05 when compared with samples treated with control vehicle
in the corresponding group. E, Pretreatment with zopolrestat had no effect on TNF-α-
induced ICAM-1 expression as examined by using flow cytometry. Data represent mean ±
SEM (n = 4 for each data point). *, p < 0.05 when compared with no- TNF-α-treated
samples and no significance was observed between samples treated with control vehicle and
samples treated with zopolrestat (p < 0.05).
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FIGURE 6.
AR activity is required for CD11b up-regulation and superoxide generation induced by
fMLP in human neutrophils. Purified human neutrophils were pretreated with 200 μM
zopolrestat for 30 min before they were stimulated with control buffer or 1 μM fMLP. A,
Up-regulation of cell surface total CD11b or the active CD11b recognized by CBRM1/5 Ab
was evaluated using flow cytometry. B, Changes in mean FSC were evaluated using flow
cytometry. C, Superoxide release was evaluated using the cytochrome c reduction assay.
Data represent mean ± SEM from three individual healthy donors. #, p < 0.05 when
compared with samples treated with control vehicle in the corresponding group.
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FIGURE 7.
AR activity in both neutrophils and pulmonary microvascular ECs is required for neutrophil
adhesion to TNF-α-stimulated ECs. A, Neutrophil adhesion to TNF-α-treated ECs required
AR activity in both neutrophils and ECs. Data represent mean ± SEM (n = 3 independent
experiments). #, p < 0.05 when compared with samples treated with control vehicle in the
corresponding group. B and C, AR activity in ECs was required for neutrophil spreading on
ECs, but not CD11b up-regulation, during neutrophil adhesion, while AR activity in
neutrophils was required for neutrophil spreading and CD11b up-regulation. B, CD11b
expression was evaluated using flow cytometry and the data are representative of two
independent experiments. C, The neutrophil area was evaluated using confocal microscopy.
Five to nine different fields from each slide were averaged and the data shown are
representative of three independent experiments.
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FIGURE 8.
Working hypothesis through which AR regulates neutrophil-lung EC interactions during
sepsis. The steps that are regulated by AR are indicated in the model. GPCR, G protein-
coupled receptor; PMN, polymorphonuclear neutrophil.
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