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Abstract
Heme oxygenase-1 (HO-1) has been demonstrated to protect against tissue injury. Furthermore,
HO-1 is also shown to be antioxidant. Our recent findings indicate that acute alcohol (EtOH)
intoxication exacerbates postburn intestinal and lung tissue damage, and this was found to be
neutrophil dependent. Because neutrophil-mediated tissue injury involves the release of
superoxide anions , the present study examined the role of HO-1 in neutrophil  production
following EtOH and burn injury. Furthermore, we investigated whether HO-1 antioxidant
properties are mediated via modulation of p47phox and/or p67phox proteins. Male rats (~250 g)
were gavaged with EtOH to achieve a blood EtOH level of ~100 mg/dL before burn or sham
injury (~12.5% total body surface area). Some rats were treated with HO-1 activator cobalt
protoporphyrin IX chloride (Copp; 25 mg/kg body weight) at the time of injury. On day 1 after
injury, we found that EtOH combined with burn injury significantly increased neutrophil 
production and p47phox and p67phox activation and decreased caspase-3 activity and apoptosis.
This was accompanied with a decrease in neutrophil HO-1 levels. The treatment of animals with
HO-1 activator Copp normalized neutrophil HO-1, , p47phox, and p67phox following EtOH and
burn injury. The expression of caspase-3, however, was further decreased in Copp-treated sham
and EtOH plus burn groups. Moreover, Copp treatment also prevented the increase in intestinal
edema and permeability following EtOH and burn injury. Altogether, these findings provide a new
insight into the mechanism by which HO-1 regulates neutrophil  production and protect the
intestine from damage following EtOH and burn injury.
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Multiple organ dysfunction and failure (MOD/MOF)3 is the leading cause of death in
trauma, burn, and intensive care unit patients (1–6). Many laboratory and clinical studies
have indicated that intestine plays a critical role in the development of MOD/MOF (7–9).
An estimated 1 million burn injuries are reported every year within the United States, and
nearly half of them occur under the influence of alcohol (EtOH) (7,10–14). Studies have
shown that patients who are intoxicated at the time of injury are more susceptible to
infection and have higher incidence of mortality compared with burn patients who have not
consumed EtOH at time of injury (7,10–15). Similarly, findings from experimental studies
have also shown that EtOH intoxication before burn injury exacerbates the suppression of
host immune defense, impairs intestinal barrier function, and increases bacterial
translocation (7,11–14,16–21). Gut-derived bacteria are implicated in the development of
MOD/MOF in injured patients.

Neutrophils are known as a major type of blood leukocytes and are among the first line of
defense against invading pathogens. Under normal conditions, neutrophils rapidly migrate
through the endothelium of blood vessels to extravascular inflammatory site to destroy
pathogens by releasing toxic oxygen radical species and proteolytic enzymes. However,
excess release of these agents may cause tissue damage in various inflammatory conditions,
such as shock, trauma, and burn injury (2,22–25). Such neutrophil accumulation and the
release of superoxide anion  and proteolytic enzymes may result in intestinal epithelial
damage, capillary leak, alteration of intestine permeability, and increase in translocation of
bacteria to extraintestinal sites (24,26–28). Previous studies from our laboratory have shown
that acute EtOH intoxication before burn injury increases neutrophil infiltration in intestine
and lung, and thereby causes tissue damage in those organs (29–31). Our studies also
indicated that EtOH intoxication before burn injury delays neutrophil clearance (32). The
treatment of animals with anti-neutrophil antiserum to deplete neutrophils prevented
neutrophil-mediated intestinal injury (32). These findings strongly suggest that neutrophils
play a critical role in organ damage following EtOH intoxication and burn injury.

A growing body of evidence indicates that heme oxygenase (HO)-1 is up-regulated
following various pathophysiological conditions, including ischemia, oxidative stress, and
endotoxemia, as well as following EtOH exposure (33,34). HO-1, a microsomal enzyme,
belongs to HO family. Three isoforms of HO have been identified (35) and are designated as
HO-1, HO-2, and HO-3. HO-1, also known as heat shock protein 32, is the inducible
isoform that catalyzes the degradation of heme to carbon monoxide, iron, and biliverdin.
Biliverdin is rapidly converted to bilirubin, which is a potent endogenous antioxidant
(36,37). All three products of the HO reaction (biliverdin/bilirubin, Fe/ferritin, and carbon
monoxide) participate in cellular defense. HO-1 has been reported to play a critical role in
protection against oxidative tissue injury following ischemia, inflammation, and trauma-
hemorrhage (37,38); however, the mechanism is not clear. Because neutrophil-mediated
tissue injury involves the release of , the present study examined the role of HO-1 in
neutrophil regulation of  using a two-hit rat model of EtOH and burn injury. The release
of  by neutrophils starts with the activation of NADPH oxidase, a multiprotein enzyme
complex. NADPH oxidase is composed of cytosolic proteins (e.g., p40phox, p47phox,
p67phox, and Rac2) and membrane proteins (e.g., p22phox and gp91phox) (39–43). During
activation, cytosolic proteins translocate to membrane, associate with other components, and
form the active oxidase that catalyzes the production of . Thus, although all six proteins
contribute to the production of oxygen radical, studies have shown that p47phox and p67phox

3Abbreviations used in this paper: MOD/MOF, multiple organ dysfunction and failure; CINC, cytokine-induced neutrophil
chemoattractant; Copp, cobalt protoporphyrin IX chloride; EtOH, alcohol; HO, heme oxygenase; , superoxide anion; PKC, protein
kinase C; TBSA, total body surface area; BW, body weight.
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are up-regulated following major burn injury (44,45). Therefore, we investigated whether
the antioxidant properties of HO-1 could be mediated by modulation of p47phox and/or
p67phox proteins of NADPH oxidase system. Furthermore, we determined the role of HO-1
in neutrophil-mediated intestinal damage following EtOH intoxication and burn injury.
Although a role of HO-1 as antioxidant has been reported in many previous studies, most of
these antioxidant properties were associated with the HO-1 product bilirubin. Our findings
indicating that HO-1 modulates the activation of p47phox and p67phox provide a new insight
into the mechanism to explain HO-1 antioxidant properties.

Materials and Methods
Animals and reagents

Male Sprague-Dawley rats (225–250 g) were obtained from Charles River Laboratories.
Cobalt protoporphyrin IX chloride (Copp) was obtained from Frontier Scientific. Anti-HO-1
Ab was obtained from StressGen Biotechnologies. Anti-p47phox Ab and anti-p67phox Abs
were obtained from Upstate Biotechnology. Anti-cleaved caspase-3 Ab was obtained from
Cell Signaling Technology.

Rat model of acute EtOH and burn injury
As described previously (16,30,32), rats were randomly divided into four groups, as follows:
saline plus sham, EtOH plus sham, saline plus burn, and EtOH plus burn. In EtOH-treated
groups, the levels of blood EtOH equivalent to 90–100 mg/dL were achieved by gavage
feeding of 5 ml of 20% EtOH in saline. In saline groups, animals were gavaged with 5 ml of
saline. Four hours after gavage, all animals were anesthetized and transferred into a
template, which was fabricated to expose ~12.5% of the total body surface area (TBSA).
TBSA was calculated using Meeh’s formula (A = KW2/3), where K (constant factor) was
equal to 10, as described in the manuscript of Walker and Mason (46). Animals were then
immersed in a boiling water bath (95–97°C) for 10 –12 s. Sham-injured rats were subjected
to identical anesthesia and immersed in lukewarm water. The animals were dried
immediately and resuscitated i.p. with 10 ml of physiological saline. After recovery from
anesthesia, the animals were returned to their cages and allowed food and water ad libitum.
In some experiments, two groups of rats, one sham and other EtOH plus burn-injured rats,
were treated i.p. with HO-1 activator Copp (25 mg/kg body weight (BW)) at the time of
injury. Rats were sacrificed on day 1 after injury.

All of the experiments were conducted in adherence to the National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and were approved by the
University of Alabama at Birmingham Institutional Animal Care and Use Committee.

Neutrophil isolation
Rats were anesthetized and blood was drawn via cardiac puncture. As described previously
(28), blood was slowly added to the top of Ficoll-Paque (GE Healthcare) and centrifuged at
300 × g for 30 min at 20°C. Supernatant was discarded, and the remaining RBC and
neutrophils were resuspended in 3% dextran solution and stayed for 50 min. Neutrophil-rich
supernatant was collected and centrifuged at 300 × g for 20 min at 10°C. The RBC were
lysed by adding sterile-distilled H2O following 10 × HBSS and centrifuged at 300 × g for 30
min at 10°C. The purified neutrophils settled in the bottom were resuspended in HBSS and
used for subsequent studies.
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Neutrophil  production
Neutrophil  release was determined by the superoxide dismutase-inhibitable reduction of
cytochrome c (26). Briefly, 0.1 ml of neutrophil (5 × 106 cells/ml in HBSS) was incubated
with cytochrome c or cytochrome c plus superoxide dismutase for 5 min at 37°C in a 96-
well plate. Neutrophil  production was initiated by adding phorbol esters (PMA) at a dose
of 500 ng/ml. Although we have used lower doses of PMA (50 and 100 ng/ml), a maximum
response was obtained with a dose of 500 ng/ml. The absorbance of reduced cytochrome c
was measured continuously at 550 nm for 60 min. The maximum rate of  production was
calculated from the slope of the response in nmol/min/105 cells using the specific
absorbance of reduced cytochrome c of 21.1 mM/min. The peak  concentration was
achieved ~20–25 min after neutrophil stimulation with PMA. These peak values were
recorded, pooled, and are expressed as mean ± SEM in Results.

Neutrophil apoptosis
Neutrophil apoptosis was measured by using cell death detection ELISA kit, according to
the manufacturer’s instruction (Roche Applied Science).

Preparation of neutrophil membrane fraction
Neutrophils (2 × 106 cells/ml) were stimulated with or without PMA (500 ng/ml) for 10 min
in PBS at 37°C and centrifuged at 300 × g for 20 min at 10°C. Neutrophils were suspended
in the buffer containing 50 mM HEPES, 150 mM NaCl, 1 mM EDTA, 100 mM NaF, 1 mM
MgCl2, 10 mM Na4P2O7, 200 µM Na3VO4, and 10% glycerol and sonicated. The
homogenate was centrifuged at 120,000 × g for 50 min at 4°C. The supernatant was
collected for the measurement of cytosolic p47phox and p67phox. The pellet-containing
membrane fraction was sonicated in lysis buffer containing 50 mM HEPES, 150 mM NaCl,
1 mM EDTA, 100 mM NaF, 1 mM MgCl2, 10 mM Na4P2O7, 200 µM Na3 VO4, 10%
glycerol, and 0.5% Triton X-100 and centrifuged at 9,000 × g for 10 min at 4°C. The
supernatant was collected for the measurement of membrane p47phox and p67phox by
Western blot using specific respective Abs.

Western blot
The equal amounts of protein from neutrophil total lysates, cytosolic fraction, and
membrane fraction were analyzed on SDS-PAGE and transferred to immobilon membranes
using a semidry Trans-Blot system (Bio-Rad) (47). The membranes were saturated with
blocking buffer (10 mM Tris, 150 mM NaCl, 0.05% Tween 20, supplemented with 5% dry
milk) for 2 h at room temperature and incubated with the desired primary Ab (1/1000
dilution) at 4°C overnight. The membranes were washed five times with TBS supplemented
with 0.05% Tween 20 (TBST). The membranes were incubated with a secondary Ab
conjugated with HRP for 1 h at room temperature. The membranes were washed five times
with TBST and probed using ECL dye, and proteins were autoradiographed. Membranes
were stripped by Western blot stripping buffer (Pierce) and reblotted with anti-β-actin Ab
for equal protein loading in various lanes (47).

Intestinal tissue edema
Small intestine was removed, weighed, and dried for 48 h at 80°C. Water content (%) of
intestinal tissue was calculated as (wet weight − dry weight)/wet weight × 100 and was used
as a measure of tissue edema (29,32).
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Intestinal permeability
The intestinal permeability was measured using the procedure described previously (29,32).
In brief, the rat’s right femoral artery was cannulated under anesthesia, using PE-50 tubing
filled with heparin saline (10 U/ml), and midline laparotomy was performed. Renal artery
and vein in both kidneys were ligated. A 20-cm segment of the small intestine (ileum) was
isolated without damaging intestinal and mesenteric structures, and PE-50 tubing was
inserted into the isolated intestine from the proximal end. Solution (1 ml; 25 mg/ml 4 kDa
FITC-conjugated dextran; Sigma-Aldrich) was injected into the isolated intestine. Blood
samples were collected from femoral artery at 90 min after infusion of FITC-dextran.
Plasma was separated by centrifuging at 4°C, 8000 rpm for 7 min, and was analyzed for
FITC-dextran concentration using a fluorometer (FL500; Bio-Tek Instruments) at an
excitation wavelength of 480 nm and an emission wavelength of 520 nm. Standard curves to
calculate FITC-dextran concentration in the plasma samples were prepared from dilutions of
FITC-dextran in PBS.

Statistical analysis
Results are presented as mean ± SEM and were analyzed using ANOVA. The significance
between the groups was determined using Tukey’s test (Statistical Package for Social
Sciences Software program, version 2.0, Sigma Stat). Value of p < 0.05 between two groups
was considered statistically significant.

Results
Neutrophil  production

There was no significant difference in  production of neutrophils without PMA
stimulation in any group (Fig. 1). The addition of PMA resulted in an increase in neutrophil

 production in all four experimental groups. Neutrophil  production was measured with
or without their stimulation with PMA (500 ng/ml) by using cytochrome c reduction assay
continuously at 550 nm for 60 min. The maximum rate of  production was calculated as
described in Materials and Methods. As shown in Fig. 1A, a peak elevation in  was
achieved within 20–25 min after the stimulation of neutrophils with PMA. The values
obtained at 20-min time point were plotted in bar graph shown in Fig. 1B. Although
neutrophils from rats receiving EtOH or burn injury alone also showed a tendency of an
increase in their ability to produce , this increase was not found to be significantly
different from sham animals. However, a significant increase in PMA-induced 
production was observed in rats receiving a combined insult of EtOH and burn injury
compared with rats receiving either sham or burn injury alone (p < 0.05).

Neutrophil apoptosis
Neutrophil apoptosis was examined by determining caspase-3 expression. As shown in Fig.
2A, the expression of cleaved caspase-3 was not found to be significantly different in
neutrophils from sham rats gavaged with saline or EtOH. There was a trend toward a
decrease in caspase-3 in neutrophils after burn injury alone in the absence of EtOH
exposure. However, this decrease was not found to be significantly different from shams. A
significant decrease in caspase-3 expression was observed in neutrophils from rats receiving
a combined insult of EtOH intoxication and burn injury compared with rats receiving either
sham injury regardless of their EtOH exposure or burn injury alone.

In addition to caspase-3 expression, neutrophil apoptosis was further confirmed by
measuring cytoplasmic histone-associated DNA fragments using freshly isolated neutrophil,
as well as after their culture for 4 and 16 h, and the results are shown in Fig. 2B. Because

Li et al. Page 5

J Immunol. Author manuscript; available in PMC 2011 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



neutrophils have a short lifetime, apoptosis was significantly increased in cells cultured for
16 h compared with cells from 0- and 4-h cultures in all groups. Results shown in Fig. 2B
indicate no significant difference in the neutrophil apoptosis at any time point between rats
receiving sham injury regardless of EtOH intoxication and burn injury alone. A significant
decrease in neutrophil apoptosis was observed at 0-, 4-, and 16-h culture in rats receiving a
combined insult of EtOH intoxication and burn injury compared with rats receiving either
sham injury or burn injury alone.

Neutrophil HO-1
As compared with shams, there was a tendency toward an increase in neutrophil HO-1
expression in sham rats gavaged with EtOH, but this increase was not found to be
significantly different (Fig. 3). Similarly, neutrophil HO-1 expression was not significantly
different in rats receiving burn injury alone compared with shams gavaged with saline.
However, as compared with rats receiving EtOH intoxication, neutrophil HO-1 expression in
burn rats was significantly decreased. Furthermore, a significant decrease in neutrophil
HO-1 expression was observed in rats receiving a combined insult of EtOH intoxication and
burn injury compared with rats receiving either sham or burn injury alone.

Effect of HO-1 inducer Copp on neutrophil HO-1 expression,  production, and caspase-3
expression

In the subsequent experiments, we measured whether HO-1 influences neutrophil 
production and caspase-3 expression following a combined insult of EtOH intoxication and
burn injury. In these experiments, rats were treated with Copp (25 mg/kg BW) at the time of
burn injury. We did not include EtOH-alone and burn-alone groups because the above
parameters (i.e.,  production, apoptosis, and HO-1) were not significantly different in
those groups compared with sham animals.

The results as shown in Fig. 4 indicate that treatment of rats with Copp normalized HO-1
expression following EtOH and burn injury to sham levels (Fig. 4A). Furthermore, treatment
of rats with Copp prevented the increase in neutrophil  production compared with rats
treated with vehicle following EtOH intoxication in burn injury (Fig. 4B). However, there
was no difference in neutrophil HO-1 expression and  production between sham rats
treated with Copp or vehicle (Fig. 4). The caspase-3 expression was significantly decreased
in sham rats treated with Copp compared with vehicle-treated shams (Fig. 5).
Administration of Copp in EtOH plus burn rats resulted in a further significant decrease in
neutrophil caspase-3 expression compared with vehicle-treated sham and EtOH plus burn-
injured rats (Fig. 5).

Effect of HO-1 inducer Copp on neutrophil p47phox and p67phox activity
p47phox and p67phox proteins are the components of NADPH oxidase, which are involved in
the formation of . We determined whether HO-1 regulates neutrophil  production via
modulating the activation of p47phox and p67phox following a combined insult of EtOH
intoxication and burn injury. Activation of p47phox and p67phox was assessed by determining
their association with the cell membrane fraction. The results indicate that there was no
significant difference in p47phox expression in neutrophil total cell lysates with or without
PMA stimulation between sham and EtOH plus burn-injured rats (Fig. 6). However, a
significant increase in p67phox expression was observed in the neutrophil total cell lysates
regardless of their stimulation with PMA in rats receiving a combined insult of EtOH and
burn injury compared with shams (Fig. 7). p47phox and p67phox are cytosolic proteins, but
upon stimulation with an agonist such as PMA, they translocate to the membrane and
associate with other NADPH components to form the active oxidase system. We isolated
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neutrophil membranes to determine p47phox and p67phox levels (Figs. 6 and 7). No
significant difference was observed in p47phox levels in membrane fractions of unstimulated
neutrophils between sham and EtOH plus burn rats (Fig. 6). Treatment with Copp also did
not influence p47phox levels in unstimulated neutrophil membrane fractions. However, there
was a significant increase in p47phox levels of neutrophil membrane stimulated with PMA in
rats receiving a combined insult of EtOH intoxication and burn injury compared with sham
rats. Treatment with Copp prevented the increase in p47phox levels in neutrophil membrane
fractions following EtOH and burn injury (Fig. 6). The levels of p67phox in contrast were
significantly increased in both unstimulated and PMA-stimulated neutrophil membrane
fractions following a combined insult of EtOH intoxication and burn injury compared with
sham rats (Fig. 7). This increase in membrane p67phox levels was prevented in neutrophils
harvested from rats treated with Copp following EtOH and burn injury (Fig. 7). In addition
to the total and membrane fractions, we also measured p47phox and p67phox levels in
cytosolic fractions. There was no significant difference in p47phox in cytosolic fractions from
unstimulated cells (Fig. 6). However, following PMA stimulation, there was a tendency of
an increase in p47phox levels in neutrophil cytosolic fractions following EtOH and burn
injury compared with shams, but this increase was not found to be significantly different.
The treatment of animals with Copp normalized cytosolic p47phox levels similar to those
observed in unstimulated cells. p67phox in contrast was not detectable in cytosolic fractions.

Effect of HO-1 inducer Copp on intestinal tissue damage
The intestinal tissue edema is a marker of tissue damage and is determined by intestinal
tissue water content. As shown in Fig. 8, there was a significant increase in water content in
intestinal tissue of rats receiving a combined insult of EtOH intoxication and burn injury
compared with rats receiving sham injury regardless of their EtOH intoxication or burn
injury without EtOH intoxication (Fig. 8A). The treatment of rats with Copp prevented the
increase in intestinal edema following EtOH intoxication prior to injury (Fig. 8B). To further
confirm the protective role of Copp in intestinal tissue damage, we determined intestinal
permeability, which is another marker of intestinal tissue damage. The results as shown in
Fig. 8C indicate a significant increase in plasma FITC-dextran accumulation in femoral
artery at 90 min after infusion of FITC-dextran in the intestines of rats receiving a combined
insult of EtOH intoxication and burn injury compared with sham rats regardless of EtOH
intoxication and burn injury alone. Treatment of rats with Copp prevented the increase in
plasma FITC-dextran accumulation in femoral artery at 90 min after infusion of FITC-
dextran following EtOH intoxication and burn injury (Fig. 8D).

Discussion
Our findings indicate that EtOH intoxication before burn injury significantly increases
neutrophil  production, decreases caspase-3 activity, and delays neutrophil apoptosis. We
also found an increase in neutrophil p47phox and p67phox activation following a combined
insult of EtOH and burn injury. These changes in neutrophil , p47phox, p67phox, and
apoptosis are accompanied with a decrease in HO-1. The treatment of animals with HO-1
activator Copp normalized neutrophil , p47phox, and p67phox following EtOH and burn
injury. The expression of caspase-3, however, was further decreased in Copp-treated sham
and EtOH plus burn groups. Moreover, Copp treatment also prevented the increase in
intestinal edema and permeability following EtOH and burn injury. These findings indicate
that acute EtOH intoxication combined with burn injury potentiates the alterations in
neutrophil  release and apoptosis, and that HO-1 appears to play a role in this process.

Neutrophils have a short lifetime (t1/2 of ~7 h) and are normally present in the circulatory
system (48). Under inflammatory conditions, their lifetime is increased and large numbers of
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neutrophils migrate to the inflammatory site to destroy the invading pathogens by releasing
proteases (e.g., elastase) and reactive oxygen species (e.g., ) (24). Many studies indicated
that neutrophils are key components in early stage of the inflammatory process against
microbial pathogens. However, the excess of neutrophil-derived proteases and  is shown
to inflict damage to surrounding tissue. Neutrophil recruitment to the inflammatory sites is
induced by several factors, including cytokines (e.g., TNF-α, IL-6, and IL-18), chemokines
(e.g., MIPs, keratinocyte-induced chemokine, cytokine-induced neutrophil chemoattractant
(CINC)-1, and CINC-3), and adhesion molecules (e.g., ICAM-1). Once the job is done,
neutrophils are cleared by apoptosis and subsequent phagocytosis by macrophages (49). In a
recent study, we observed an increase in neutrophil infiltration and the levels of IL-18,
ICAM-1, and CINC-1 in both intestine and lung tissue (29,30). Another significant
observation in that study was that following burn injury alone, neutrophils were cleared
within the first 24 h after injury; however, when it was combined with prior EtOH exposure,
neutrophil infiltration and other inflammatory markers sustained up to 24 h (32). We also
found that the depletion of neutrophils prevented the intestine and lung tissue damage
following EtOH and burn injury (30,32). Altogether, these findings indicated that acute
EtOH intoxication potentiates the neutrophil infiltration and tissue damage in intestine and
lung following burn injury, and neutrophils play a pivotal role in intestine and lung tissue
damage under those conditions.

Because the production of  has been implicated in neutrophil-mediated tissue damage,
this study examined the effect of EtOH intoxication and burn injury on neutrophil 
production. We found that EtOH intoxication before burn injury significantly increases
neutrophil  production. Moreover, neutrophils from EtOH plus burn-injured rats exhibited
less apoptosis than sham animals. Because neutrophil apoptosis is critical to their clearance,
the finding of a delay in neutrophil apoptosis may further their ability to produce  and
proteases in excess, and thereby accelerates the tissue injury. The generation of  by
neutrophils results from the activation of multiprotein enzyme complex known as NADPH
oxidase. NADPH oxidase is present in many cells, including neutrophils, eosinophils, and
mononuclear phagocytes (42). NADPH oxidase is composed of membrane proteins
(gp91phox, p22phox, and the small G protein Rap1A) and cytosolic proteins (p47phox,
p67phox, p40phox, the small G protein Rac2, and Cdc42) (42). In resting cells, these
components exist in free form; upon activation, the membrane-bound subunits gp91phox and
p22phox together form the heterodimeric cytochrome b558 located in the plasma membrane.
The cytosolic proteins, p47phox and p67phox, translocate to the plasma membrane and
combine with cytochrome b558 to form a complex enzyme system, which transfers electrons
from NADPH to oxygen to generate . In the membrane-associated complex, p47phox

stabilizes the interaction of p67phox with the cytochrome b558 complex. p67phox contains
high-affinity binding site for NADPH and can bind gp91phox to form an active enzyme (42).
Dusi et al. (41) demonstrated that the activation of NADPH oxidase involves the
phosphorylation of p47phox and p67phox. The phosphorylation results in the conformational
changes of p47phox and p67phox and neutralization of the cationic domain, which in turn
allows interaction with other membrane proteins (48). The phosphorylation of p47phox is
associated with  production during neutrophil activation. The stimuli such as PMA and
fMLP lead to the phosphorylation of p47phox and p67phox (48,50). In this study, we
determined the activation of neutrophil p47phox and p67phox following EtOH intoxication
and burn injury. We observed that neutrophils stimulated with PMA resulted in a significant
increase in neutrophil membrane levels of p47phox following a combined EtOH and burn
injury compared with shams. However, p47phox expression was not significantly increased
in total cell lysates following EtOH and burn injury compared with sham. In contrast,
p67phox levels were significantly elevated in both stimulated and unstimulated neutrophil
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total cell lysates and membrane fractions. We also measured p47phox and p67phox levels in
cytosolic fractions and found that p47phox similar to the membrane fractions was
significantly increased following EtOH plus burn injury compared with shams. However,
p67phox in contrast to total cell lysates was not detectable in cytosolic fractions. Thus, it
appears that p67phox protein is translocated to the membrane following EtOH and burn
injury, and PMA has no further effect on this. PMA, an agonist of protein kinase C (PKC),
has been used in many previous studies for determining neutrophil  production. The
activation of PKC results in the phosphorylation of p47phox and p67phox, and thus in the
activation of NADPH oxidase (51,52). Although the activation of PKC may be involved in
the regulation of p47phox and p67phox, whether the up-regulation of p47phox and p67phox is a
direct effect of EtOH plus burn injury or is indirectly mediated via up-regulation of
upstream molecules such as PKC remains to be established. Furthermore, because PMA has
no further influence on neutrophil membrane p67phox in our study, it appears that p47phox

play a predominant role in PMA-induced neutrophil  production following EtOH and
burn injury. However, more studies are needed to establish this fact.

An imbalance between  release and antioxidant capability results in oxidative stress and
oxidative damage. Many studies have shown that HO represents an important mechanism of
protection against oxidative stress by its anti-inflammatory, antiapoptotic, and cytoprotective
properties (34,38,53,54). Furthermore, a role of HO-1 is also implicated in neutrophil
rolling, adhesion, and migration to the inflammatory sites (38,53–56). The treatment of
animal with chromium-mesoporphyrin (a specific inhibitor of HO-1) enhanced the
neutrophil infiltration (38). In the present study, we found a decrease in neutrophil HO-1
expression and an increase in  production following EtOH and burn injury. The treatment
of animals with Copp, a known HO-1 activator, prevented the decrease in neutrophil HO-1
expression and increase in  production following EtOH and burn injury. Furthermore, we
found the treatment of animals with Copp also prevented the increase in p47phox and p67phox

activity following EtOH and burn injury. This finding indicates that in addition to the
classical  scavenging role, HO-1 also plays a role in the formation of NADPH assembly
by regulating the activation of p47phox and p67phox. Although a similar role of HO-1 in
regulation of gp91phox in a macrophage cell line was suggested in a previous study (57), our
findings provide new additional evidence that it also regulates the activation of p47phox and
p67phox. Thus, multiple mechanisms may exist by which HO-1 may exhibit its antioxidant
properties.

Because administration of Copp further decreased neutrophil caspase-3 expression following
EtOH plus burn injury, it appears that HO-1 up-regulation decreases neutrophil apoptosis. A
precise mechanism of HO-1 antiapoptotic effect following EtOH and burn injury remains to
be determined; a previous study indicated that antiapoptotic effect of HO-1 in endothelial
cells involves the degradation of p38 α MAPK isoforms (54). HO-1 overexpression has been
demonstrated to down-regulate neutrophil-mediated tissue damage (38). Similarly, we
observed that treatment of rats with Copp prevented the increase in intestinal edema
formation and intestinal permeability (the markers of intestinal injury) following combined
insult of EtOH intoxication and burn injury. Although the mechanism by which HO-1
regulates neutrophil infiltration following EtOH and burn injury remains to be established,
studies have indicated that HO-1 overexpression down-regulates adhesion molecule
expression and neutrophil chemokines and reduces neutrophil infiltration (35,38,53). Thus,
an increase in HO-1 expression may not only down-regulate neutrophil  production
ability, but also prevents their recruitment to the intestine and protects intestine from injury
following EtOH and burn injury.
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Recent findings indicate that IL-18 down-regulates HO-1 expression in endothelial cells
(58). Because we also observed an increase in IL-18 levels following EtOH and burn injury
(29,32), it is plausible that IL-18 may regulate HO-1 under the present conditions; however,
this remains to be established. We recognize that the present study has used a ~12.5% TBSA
burn injury, which by itself did not produce any adverse effects on the intestine at 24 h after
injury. There is evidence that burn injury size is a critical factor in postburn complications
(4). However, other factors such as age, gender, and preclinical manifestation can also
influence the outcome of burn patients, especially the patients with small burn injury.
Similarly, EtOH exposure at the time of burn injury has been shown to further confound
postburn pathogenesis (7,14,15). Thus, whereas a smaller burn by itself may not have an
adverse effect on host defense, when combined with existing conditions such as EtOH
intoxication, it may become detrimental.

In summary, our findings indicate that EtOH intoxication combined with burn injury
suppresses neutrophil HO-1 expression, decreases neutrophil apoptosis, and up-regulates
neutrophil p47phox and p67phox activity and  production. Treatment of rats with HO-1
inducer Copp at the time of injury normalizes all the above parameter except the apoptosis,
which was further decreased. Furthermore, HO-1 induction also protected intestine from
damage following EtOH and burn injury. These results suggest that HO-1 plays a critical
role in protection from neutrophil-mediated intestinal tissue damage following a combined
insult of EtOH intoxication and burn injury. These findings provide new insight into the
mechanism by which HO-1 may regulate neutrophil  production, and thus may help in
developing the new therapeutic strategies for patients suffering from a combined insult of
EtOH intoxication and burn injury.
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FIGURE 1.
Neutrophil  production following EtOH intoxication and burn injury. One day after
injury, blood was drawn via cardiac puncture and neutrophils were isolated. Neutrophil 
production was measured with or without their stimulation with PMA (500 ng/ml) by using
cytochrome c reduction assay. Plates were read at an OD of 550 nm from 0 to 60 min (A).
The maximum rate of  production was calculated from the slope of the response in nmol/
min/105 cells using the specific absorbance of reduced cytochrome c of 21.1 mM/min. The
peak  concentration was achieved ~20–25 min after neutrophil stimulation with PMA.
These peak values were recorded and pooled, and are shown as mean ± SEM from at least
six animals in each group (B). *, p < 0.05 vs other groups.
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FIGURE 2.
Neutrophil caspase-3 activity and apoptosis following EtOH intoxication and burn injury.
One day after injury, neutrophils were isolated from blood and the neutrophil caspase-3
activity was measured by Western blot (A). For loading control in various lanes, membranes
were erased and reblotted for β-actin. Blots were analyzed using densitometry. The
densitometric values were normalized to the β-actin and are shown in bar graph as mean ±
SEM. Values are mean ± SEM from at least five animals in each group. *, p < 0.05 vs other
groups. In addition to caspase-3 expression, apoptosis was also measured by cell death
detection ELISA kit in freshly isolated (0-h) neutrophils and after their culture for 4 and 16
h (B). Values are mean ± SEM from at least six animals in each group. *, p < 0.05 vs other
groups. #, p < 0.05 vs sham + saline.
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FIGURE 3.
Neutrophil HO-1 expression following EtOH intoxication and burn injury. One day after
injury, neutrophils were isolated from the blood. Neutrophil HO-1 expression was measured
by Western blot. For loading control in various lanes, membranes were erased and reblotted
for β-actin. Blots were analyzed using densitometry. The densitometric values were
normalized to β-actin and are shown in bar graph as mean ± SEM. Values are mean ± SEM
from four to six animals in each group. *, p < 0.05 vs other groups.
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FIGURE 4.
The effect of Copp on neutrophil HO-1 expression and  production following EtOH
intoxication and burn injury. Rats were treated with Copp (25 mg/kg BW) or vehicle at the
time of injury. One day after injury, neutrophils were isolated from the blood; HO-1
expression (A) and  production (B) were measured. For HO-1 loading control in various
lanes, membranes were erased and reblotted for β-actin. Blots were analyzed using
densitometry. The densitometric values were normalized to β-actin and are shown in bar
graph as mean ± SEM from four to six animals in each group. For neutrophil  production,
we recorded the peak  concentration, which was achieved ~20–25 min after neutrophil
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stimulation with PMA. These peak values were pooled and are shown as mean ± SEM from
at least six animals in each group (B). *, p < 0.05 vs other groups in respective panels.
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FIGURE 5.
The effect of Copp on neutrophil caspase-3 activity following EtOH intoxication and burn
injury. Rats were treated with Copp (25 mg/kg BW) or vehicle at the time of injury. One day
after injury, blood was drawn via cardiac puncture, neutrophils were isolated, and neutrophil
caspase-3 activity was measured by Western blot. For loading control in various lanes,
membranes were erased and reblotted for β-actin. Blots were analyzed using densitometry.
The densitometric values were normalized to β-actin and are shown in bar graph as mean ±
SEM from at least five animals in each group. *, p < 0.05 vs respective shams.
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FIGURE 6.
The effect of Copp on neutrophil p47phox activity following EtOH intoxication and burn
injury. Rats were treated with Copp (25 mg/kg BW) or vehicle at the time of injury. One day
after injury, blood was drawn via cardiac puncture; neutrophils were isolated and either
remained unstimulated or stimulated with PMA (500 ng/ml) and lysed. p47phox expression
was measured in neutrophil total cell lysates, as well as in cytosolic and membrane fractions
by Western blot. For loading control in various lanes, membranes were erased and reblotted
for β-actin. Blots obtained from membrane fractions were analyzed using densitometry. The
densitometric values were normalized to β-actin and are shown in bar graph as mean ± SEM
from five animals in each group. *, p < 0.05 vs other groups. E+B: EtOH + burn.

Li et al. Page 20

J Immunol. Author manuscript; available in PMC 2011 March 29.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 7.
The effect of Copp on neutrophil p67phox activity following EtOH intoxication and burn
injury. Rats were treated with Copp (25 mg/kg BW) or vehicle at the time of injury. One day
after injury, blood was drawn via cardiac puncture; neutrophils were isolated and either
remained unstimulated or stimulated with PMA (500 ng/ml) and lysed. p67phox expression
was measured in neutrophil total cell lysates, as well as in neutrophil membrane fractions by
Western blot. For loading control in various lanes, membranes were erased and reblotted for
β-actin. Blots obtained from membrane fractions were analyzed using densitometry. The
densitometric values were normalized to β-actin and are shown in bar graph as mean ± SEM
from five animals in each group. *, p < 0.05 vs other groups. E+B: EtOH + burn.
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FIGURE 8.
The effect of Copp on intestinal tissue edema formation (A and B) and intestinal
permeability (C and D) following EtOH intoxication and burn injury. Rats were subjected to
sham or burn injury with or without EtOH intoxication. Some animals in sham and EtOH +
burn groups were treated with Copp (25 mg/kg BW). One day after injury, rats were
sacrificed and intestine edema formation and permeability were determined, as described in
Materials and Methods. Values are mean ± SEM from six animals in each group. *, p < 0.05
vs other groups in respective panel; #, p < 0.05 vs saline + sham.
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