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Whole-body hypoxic preconditioning (WHPC) prolongs survival of
mice exposed to severe hypoxia by attenuating pulmonary edema
and preserving gas exchange. However, the cellular and molecular
mechanism(s) of this protection remains unclear. The objective of
this study was to identify the cellular target(s) of WHPC in the lung.
Conscious mice were exposed to hypoxia (7% O2) for 6 hours with or
without pretreatment of WHPC ([8% O2] 3 10 min/[21% O2] 3 10
min; 6 cycles). Hypoxia caused severe lung injury, as shown by
the development of high-permeability–type pulmonary edema and
the release of lactate dehydrogenase and creatine kinase into the
airspace and the circulation. All these signs of hypoxic lung injury
were significantly attenuated by WHPC. Hypoxia also caused a re-
markable release of type I cell markers (caveolin-2 and receptor for
advanced glycation end products) in lung lavage that was almost
completely abolished by WHPC. Conversely, hypoxia-induced re-
lease of type II cell markers (surfactant-associated proteins A and D)
was only marginal, and was unaffected by WHPC. Electron micro-
scopic analysis demonstrated considerable hypoxic damage in
alveolar type I cells and vascular endothelial cells. Notably, WHPC
completely eliminated hypoxic damage in the former and alleviated
it in the latter.Type II cellsappearednormal.Furthermore,WHPCup-
regulated protein expression of cytoprotective genes in the lung,
such as heat shock proteins and manganese superoxide dismutase.
Thus, WHPC attenuates hypoxic lung injury through protection of
cells constituting the respiratory membrane, especially hypoxia-
vulnerable type I epithelial cells. This beneficial effect may involve
up-regulation of cytoprotective genes.
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The lung is susceptible to hypoxic injury. Pulmonary edema of
the high-permeability type rapidly develops in both human
beings and experimental animals subjected to severe hypoxia
(1–4). The ensuing thickening of the respiratory membrane and
flooding of alveoli reduce gas exchange capacity of the lung and,
in turn, further compromise oxygen supply to peripheral tissues,
all of which may eventually result in multiple organ failure.
Therefore, the lung can be viewed as one of the ‘‘rate-limiting’’
organs in the ability of an organism to survive in severely
hypoxic conditions, as evidenced by the fact that high-altitude
pulmonary edema is one of the two major causes of death in
humans and animals exposed to high-altitude hypoxia (5).

Recent studies indicate that the pathogenesis of hypoxic
pulmonary edema involves multiple mechanisms, such as

elevated capillary transmural pressure in overperfused lung
regions after uneven pulmonary vasoconstriction (6–8), in-
creased vascular permeability secondary to stress failure of
the capillary wall (9, 10), and decreased alveolar fluid clear-
ance resulting from functional and/or structural impairment of
the alveolar epithelium (11–13). Morphologically, prominent
damage to the respiratory membrane that involves disruption
of both the vascular endothelium and the alveolar epithelium
is evident, and is likely a result of mechanical stress (14, 15) in
combination with hypoxic cytotoxicity (10, 16). Experimental
therapies targeting these pathological mechanisms have
shown promising effects. For example, nitric oxide (NO) gas
or phosphodiesterase 5 inhibitors seem to reduce the severity
of hypoxic and/or high-altitude pulmonary edema by attenu-
ating uneven vasoconstriction and regional overperfusion
(17, 18). Similarly, b-adrenergic receptor agonists have been
shown effective in controlling pulmonary edema through
several potential mechanisms, including stimulation of the
sodium reabsorption machinery in the alveolar epithelium
(19–21). However, most of the studies have focused on the
restoration of individual cellular functions that are either lost
or markedly impaired during hypoxia rather than targeting
the hypoxia-induced injury of particularly affected cell pop-
ulations.

In a previous study, we have shown that whole-body hypoxic
preconditioning (WHPC) prolongs the survival of unacclima-
tized mice exposed to lethal hypoxia, and that this potentially
life-saving protective effect is associated with reduced pulmo-
nary edema and improved gas exchange function in the lung and
preservation of tissue integrity in other organs, such as the brain
(22). We proposed that the organ protection against hypoxic
injury afforded by WHPC was conceivably mediated by im-
proved function of ‘‘rate-limiting’’ organs, such as the lung.
However, the cellular and molecular mechanism(s) underlying
the beneficial effects of WHPC remain entirely unknown. Ac-
cordingly, the objective of the current study was to identify the
cellular target(s) of WHPC in the lung. Earlier studies using
morphological methods seem to suggest that the respiratory
membrane is the main site of injury under hypoxic and/or high-
altitude conditions (10, 14–16). We therefore hypothesized
that WHPC would reduce hypoxia-induced lung injury through
preferential protection of cells constituting the respiratory
membrane.

CLINICAL RELEVANCE

Type I cells are both the target injury site for hypoxia in the
lung and the targeted cell type for protection by whole-
body hypoxic preconditioning. This suggests they should be
considered as the primary target for therapy, given their
newly-defined role in alveolar fluid clearance.
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MATERIALS AND METHODS

Animals and Hypoxic Exposures

Male C57BL/6 mice, 10 to 12 weeks of age (Taconic Farms, German-
town, NY), were used in this study. All procedures were approved by
the Animal Care and Use Committee of the University of Louisville.
Animals were randomly divided into three groups: normoxic control,
hypoxia, and WHPC 1 hypoxia. All exposures were conducted in the
conscious state. Mice in the WHPC 1 hypoxia group were subjected to
hypoxic preconditioning (6 cycles of 10-min hypoxia [8% O2]/10-min
normoxia [room air, 21% O2]) in an environmental chamber (Bio-
Spherix, Inc., Redfield, NY). The ambient CO2 in the chamber was
maintained at less than 0.03%, humidity at 40–50%, and temperature
at 22–248C. Mice in the hypoxia group were placed in an adjacent
chamber, breathing room air. Two hours after the completion of
preconditioning, both groups were exposed to sustained hypoxia
(7.0% O2) for 6 hours. Mice in the control group stayed in a room
air chamber for the same duration.

Lung Water Content

Mice were killed and thoroughly exsanguinated before their lungs were
excised en bloc and blot dried. The wet weight of the tissue was
registered immediately with an electronic balance to an accuracy of
0.1 mg. The tissue was then baked in an oven at 658C under vacuum for
40 hours until a constant weight was achieved. After the dry weight of
the tissue was registered, the water content of the tissue was calculated
as previously described (22).

Plasma Preparation

After hypoxic exposure in the environmental chamber, mice were
immediately anesthetized with Avertin and tracheocannulated within
2 minutes. They were then ventilated with an analyzed gas mixture
containing 7.0% O2 and 93% N2 at 110 breaths/minute with a stroke
volume of 0.01 ml/g using a rodent ventilator (ASV; Harvard Appa-
ratus, Holliston, MA) for 10 minutes. The heart was then exposed
through sternotomy, and blood samples were withdrawn simulta-
neously from the right and left ventricles. Plasma was collected
for analyses after centrifugation of the blood samples at 4,000 3 g
for 10 minutes.

Bronchoalveolar Lavage Preparation

Bronchoalveolar lavage (BAL) was performed by infusing and with-
drawing 1 ml of ice-cold, sterile, normal saline three times through
the tracheal cannula. Fluid samples were centrifuged at 2,000 3 g for
10 minutes at 48C, and the supernatant collected for chemistry
measurements. The cell pellets from this set of samples were used
for cytological analysis. Another set of samples (z 500 ml each) was
centrifuged at 150,000 3 g for 2 hours at 48C, and the pellet was
collected for protein preparation.

Measurement of Albumin

Albumin concentration in the cell-free BAL supernatant was de-
termined using a mouse albumin ELISA quantitation kit (detection
range, 7.8–500 ng/ml; Bethyl Laboratories, Montgomery, TX). Meas-
urements were performed in triplicates for each sample following the
manufacturer’s instructions.

Measurement of Lactate Dehydrogenase and Creatine

Kinase Activities

Lactate dehydrogenase (LDH) and creatine kinase (CK) activities in
both BAL and plasma samples were determined using a Cobas Mira
Plus automated analyzer (Roche Diagnostics Corp., Indianapolis, IN)
and LDH and CK assay kits (Pointe Scientific, Inc., Canton, MI).
Reagent ratios specified in the manufacturer’s manuals were adopted
without modification.

Measurement of von Willebrand Factor Antigen

von Willebrand factor antigen (vWF:Ag) levels in plasma samples
collected from both the right and the left ventricles were determined
using a vWF:Ag ELISA kit (Diagnostica Stago, Inc., Parsippany, NJ).

Measurements were performed in triplicate for each sample following
the manufacturer’s instructions.

Western Blotting Analysis

BAL protein samples were prepared by sonicating the 150,000 3 g cell
pellet in 80 ml of protein extraction butter containing 50 mM Tris-HCl
(pH 7.5), 5 mM EDTA, 10 mM EGTA, 10 mM benzamidine, 50 mg/ml
phenylmethylsulfonyl fluoride, 10 mg/ml aprotinin, 10 mg/ml leupeptin,
10 mg/ml pepstatin A, and 10% glycerol (vol/vol) (all chemicals
from Sigma-Aldrich, St. Louis, MO). Total cellular protein samples
from lung tissues were prepared as described previously (23). Briefly,
frozen lung tissues were pulverized and homogenized in the extraction
buffer. The homogenate was then incubated on a rocking platform in
the presence of 20 mM 3-([3-cholamidopropyl]dimethylammonio)-
1-propanesulfonate (Sigma-Aldrich) at 48C for 4 hours. After centri-
fugation at 14,000 3 g for 30 minutes, the supernatant was collected
as total cellular proteins. Protein concentration was determined using
a modified Lowry method (DC Protein Assay Kit; Bio-Rad Laborato-
ries, Hercules, CA). Protein samples (20 ml/lane for BAL proteins
or 80 mg/lane for total cellular proteins from the lung) were then
separated on polyacrylamide/SDS gels and transferred by electro-
blotting onto a nitrocellulose membrane, which was dyed with re-
versible Ponceau staining for verification of equal loading and transfer
efficiency. After being blocked in 5% nonfat milk, membranes were
incubated with a primary antibody (detailed below), followed by
incubation with an appropriate horseradish peroxidase–conjugated
secondary antibody (Cell Signaling Technology, Danvers, MA). Signal
detection was facilitated with enhanced chemiluminescence (ECL
kit; GE Lifesciences, Piscataway, NJ). Films were scanned and im-
munosignals quantitated using ImageQuant software v5.2 (Molecular
Dynamics/GE Lifesciences).

Primary Antibodies and Their Sources

The following primary antibodies were used in the study: caveolin-2
antibody (cat. no. 610,685; BD Pharmingen, San Diego, CA); receptor for
advanced glycation end products (RAGE) antibody (cat. no. AF1179;
R&D Systems, Inc., Minneapolis, MN); surfactant-associated protein
(SP)-A and SP-D (cat. nos. AB3420 and AB3434, respectively), heat
shock protein (HSP) 32 (cat. no. AB1284), manganese superoxide
dismutase (MnSOD) (cat. no. 06–984), copper–zinc SOD (cat. no. 06–
482), and inducible NO synthase (cat. no. 06,573) antibodies were from
Millipore (Temecula, CA); HSP27 and HSP70 antibodies (cat. no. sc-1048
and cat. no. sc-24, respectively; Santa Cruz Biotechnology, Inc., Santa
Cruz, CA); and cyclooxygenase-2 antibody (cat. no. 160,106; Cayman
Chemical, Ann Arbor, MI).

Cytological Analysis of BAL Samples

Cell pellets used for this analysis were obtained by centrifugation of
BAL samples at 2,000 3 g for 10 minutes at 48C. Cell pellets were
thoroughly resuspended in normal saline and then transferred to a glass
slide through a cytofunnel (Thermoshandon, Pittsburgh, PA) by
centrifugation at 1,500 rpm for 2 minutes. The cytospin slides were
fixed in 95% alcohol for 10 minutes and Papanicolaou stained for
microscopic analysis by a qualified pathologist.

Transmission Electron Microscopy

Mouse lungs were inflation fixed at 25 cm H2O with 2.5% glutaralde-
hyde in PBS. Lungs were removed and immersed in the same fixative
overnight at 48C. Several 1-mm3 cubes were removed from the lungs,
washed three times in PBS, and post-fixed in aqueous 1% OsO4/1%
K3Fe(CN)6 for 1 hour. After three PBS washes, the pellet was
dehydrated through a graded series of 30–100% ethanol/100% pro-
pylene oxide, and then infiltrated in 1:1 mixture of propylene oxide:
Polybed 812 epoxy resin (Polysciences, Warrington, PA) for 1 hour.
After several changes of 100% resin over 24 hours, the pellet was
embedded in molds and cured at 378C overnight, followed by addi-
tional hardening at 658C for 2 more days. Ultrathin (60-nm) sections
were collected on 200-mesh copper grids and stained with 2% uranyl
acetate in 50% methanol for 10 minutes, followed by 1% lead citrate
for 7 minutes. Sections were photographed using a JEM 1,210 trans-
mission electron microscope (JEOL, Peabody, MA) equipped with
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a CCD camera (Advanced Microscopy Techniques Corp., Danvers,
MA) at 80 kV.

Statistical Analyses

Comparisons among groups were conducted using one-way ANOVA
followed by unpaired Student’s t tests with the Bonferroni correction.
Comparisons between the control and the WHPC groups were made
using unpaired Student’s t tests. A P value less than 0.05 was considered
statistically significant.

RESULTS

WHPC Attenuated, Hypoxia-Induced Lung Injury

Naive mice developed pulmonary edema after being exposed to
severe hypoxia (FIO2

5 0.07) for 6 hours, as shown by increased
water content in lung tissues (Figure 1A). This was accompa-
nied by an increase in pulmonary vascular permeability, as
indicated by substantially elevated albumin levels in the BAL
fluid from these animals (Figure 1B). Both of these pathological
changes, however, were significantly attenuated in WHPC-
treated mice (Figure 1).

To determine whether these beneficial effects of WHPC
were derived from preservation of lung cellular integrity, we
measured general cellular injury markers released by the lung
toward both the airspace and the circulation. We found that
hypoxia resulted in conspicuous cellular injury in the lung, as
evidenced by substantial increases in both LDH and CK
activities in the BAL fluid in naive mice (Figure 2). Such
hypoxia-induced cellular injury was greatly diminished by
WHPC, as the increase in LDH activities after hypoxic expo-
sure was completely abolished, whereas that in CK activities
was significantly reduced, in WHPC-treated animals (Figure 2).
Hypoxia also elicited an increase in LDH activities in blood
samples collected from both the right and the left ventricles;
however, only those in blood from the left ventricle were
significantly reduced by WHPC (Figure 3A). Because LDH
activities in blood from the left ventricle reflected a combination
of those derived from peripheral tissues and from the lung, net
release of LDH activities from the lung in each animal was
calculated by subtracting the right ventricle value from the left
ventricle value so that occurrence and prevention of cellular
injury in the lung could be more accurately assessed. Indeed,
hypoxia led to a net release of LDH activities from the lung in

naive mice, which was completely abolished in WHPC-treated
animals (Figure 3B). Meanwhile, hypoxia caused a similar
increase in CK activities in blood samples collected from both
the right and the left ventricles, both of which were significantly
reduced in WHPC-treated animals (Figure 3C). Because the net
releases of this injury marker from the lung among the three
experimental groups were not significantly different (Figure
3D), both hypoxia-caused cellular injury and WHPC-afforded
protection, as shown by this marker, probably reflected changes
in peripheral tissues other than the lung.

WHPC Preferentially Protected Type I Epithelial Cells

To define the cellular target(s) of hypoxic lung injury and, in
turn, the target(s) of WHPC-afforded protection, we examined
release of cell type–specific injury markers in BAL and blood
samples. Specifically, caveolin-2 (24) and RAGE (25) were
measured as injury markers for type I epithelial cells, SP-A and
SP-D for type II epithelial cells (26), and vWF:Ag for vascular
endothelial cells (27). We found that hypoxia resulted in
significant type I epithelial cell damage in naive mice, as shown
by the remarkable increase in caveolin-2 and RAGE protein
levels in the BAL fluid in these animals (Figure 4). This
hypoxia-induced cellular injury was effectively prevented by
WHPC, as RAGE protein levels in the BAL fluid in these
treated animals were similar to those in normoxic control
animals, whereas caveolin-2 protein levels were only modestly
higher than those in normoxic control animals, but substantially
lower than those in naive animals exposed to hypoxia (Figure 4).
On the other hand, the injurious effect of hypoxia on type II
epithelial cells seemed to be mild, as hypoxia-induced increase
in SP-A and SP-D protein levels in the BAL fluid of naive mice
was relatively minor. WHPC did not significantly modify the
hypoxia-induced minor increase in these two type II epithelial
markers (Figure 5). Surprisingly, hypoxia caused only a small
increase in vWF:Ag levels in blood collected from the right
ventricle, whereas it had no significant effect on those from the
left ventricle (Figure 6A). There was no net release of vWF:Ag
into the pulmonary circulation under any of the experimental
conditions (Figure 6B). These results were in contrast with the
well documented injurious effect of hypoxia on the pulmonary
vascular endothelium. To determine whether vWF:Ag was
released toward the interstitium because of the direction of
fluid flux in hypoxic lungs, additional experiments were per-
formed to measure levels of this injury marker in BAL samples.

Figure 1. Whole-body hypoxic preconditioning (WHPC) attenuates
hypoxic pulmonary edema and hypoxia-induced increase in pulmonary

vascular permeability. Exposure to hypoxia for 6 hours resulted in (A)

an increase in lung tissue water content (n 5 8 for each group) and (B)
elevated levels of albumin in bronchoalveolar lavage (BAL) (n 5 10 for

each group). Both of these hypoxia-induced pathological changes were

attenuated by pretreatment with WHPC. All data are mean 6 SE. *P ,

0.001 versus control; #P , 0.005 versus control; ‡P , 0.05 versus
control; {P , 0.005 versus hypoxia.

Figure 2. WHPC reduces hypoxic lung injury. Exposure to hypoxia for
6 hours caused severe lung injury, as indicated by elevated levels of

general injury markers, lactate dehydrogenase (LDH) (A) and creatine

kinase (CK) (B) in BAL. Pretreatment with WHPC effectively abolished

the hypoxia-induced release of LDH, and significantly reduced that of
CK in BAL. All data are means 6 SE; n 5 10 for each group. *P , 0.005

versus control; #P , 0.005 versus hypoxia; xP , 0.01 versus control;
‡P , 0.05 versus control; {P , 0.05 versus hypoxia.
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We found that levels of this marker were very low in the BAL
fluid, and that there were no differences among the three
experimental groups (data not shown).

BAL samples from all three groups of mice were also
subjected to cytological analysis. BAL from normoxic control
mice contained primarily macrophages, with rare ciliated and
nonciliated epithelial cells. A small amount of red blood cells
was also seen in some samples. BAL samples from naive mice
exposed to hypoxia, however, demonstrated a significantly in-
creased number of ciliated and nonciliated epithelial cells and
red blood cells. The ratio of epithelial cells to macrophages was
evidently elevated from 1:10 to 1:2 on average, with the highest
ratio close to 1:1. These BAL samples also contained amor-

phous proteinaceous materials, most likely representing alveo-
lar edema. There was no evidence of increased inflammatory
cells, including neutrophils and lymphocytes. These hypoxia-
induced pathological changes in the BAL fluid, however, were
almost completely absent in mice pretreated with WHPC. The
cytological pattern of the BAL fluid from the WHPC group was
undistinguishable from that of normoxic control animals.

Hypoxia-induced lung injury and the protective effect of
WHPC were further assessed with electron microscopy. Con-
siderable damage to type I epithelial cells, endothelial cells,
interstitial fibroblasts, and pericytes was observed in lungs of
naive mice exposed to hypoxia. The types of cellular injury
included necrosis, blebs, detachment from the basement mem-

Figure 3. WHPC reduces hypoxia-induced release of injury

markers into the pulmonary circulation. The differences

between LDH and CK activities in blood samples collected

from the left ventricle (filled bars, pulmonary efferent blood)
and those in blood samples collected from the right ventricle

(open bars, pulmonary afferent blood) were calculated and

taken as the net release of these injury markers from the lung.
(A and B) Exposure to hypoxia increased the release of LDH

from both peripheral tissues and the lung. Pretreatment with

WHPC significantly diminished LDH release from the lung,

but had little effect on that from peripheral tissues. *P , 0.001
versus control; #P , 0.05 versus control; {P , 0.001 versus

hypoxia; ‡P , 0.05 versus hypoxia. (C and D) Exposure to

hypoxia increased the release of CK, mainly from peripheral

tissues, which was significantly attenuated by pretreatment
with WHPC. *P , 0.005 versus control; #P , 0.05 versus

control; {P , 0.05 versus hypoxia. All data are means 6 SE;

n 5 10 for each group.

Figure 4. WHPC minimizes hypoxia-induced release
of type I epithelial markers. (A) Exposure to hypoxia

caused a substantial increase in caveolin-2 protein

levels in BAL, which was greatly attenuated by pre-

treatment with WHPC. Shown is a representative
Western blot. (B) Densitometric analysis of caveolin-2

immunosignals from five blots. Data are means 6 SE;

n 5 10 for each group. *P , 0.001 versus control; #P ,

0.005 versus control; {P , 0.01 versus hypoxia. (C)

Hypoxia exposure also increased receptor for advanced

glycation end products (RAGE) levels in BAL, which

was completely abolished by pretreatment with
WHPC. Shown is a representative Western blot. (D)

Densitometric analysis of RAGE immunosignals from 4

blots. Data are mean 6 SE; n 5 8 for each group. *P ,

0.001 versus control; #P , 0.001 versus hypoxia.
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brane, and intracellular edema. Alveolar edema, interstitial
edema, especially where epithelial and endothelial basement
membrane were separated by interstitial fibroblasts or pericytes,
and disappearance/disruption of basement membrane were also
commonly observed. However, damage to type II epithelial
cells was rare, if present at all, and alveolar macrophages looked
normal. As reported in the literature (1–2), hypoxic lung injury
was noticeably uneven. An area with substantial damage could
be neighbored by areas seemingly normal, and vice versa. In
lungs of hypoxic mice pretreated with WHPC, no visible signs of
injury in type I epithelial cells were observed in any areas
examined, and there was hardly any alveolar edema. Minor
injury to endothelial cells, fibroblasts, and pericytes, such as
small blebs, and minor interstitial edema scattered in limited
areas. Representative micrographs are presented in Figure 7.

WHPC Up-Regulated Cytoprotective Genes in the Lung

To investigate potential mechanisms that may underlie WHPC-
afforded protection against hypoxia, we examined lung expres-
sion patterns of several genes, which were known to mediate
cytoprotection against ischemia-/hypoxia-induced injury in var-
ious organs. We found that WHPC up-regulated the expression of
several members of the HSP gene family in the lung. In particular,
protein levels of HSP27, HSP32 (also known as heme oxygenase-
1, or HO-1), and HSP70 in the lung of WHPC-treated mice were

substantially elevated in comparison with those in the lung of
normoxic control animals (Figure 8). WHPC also up-regulated
the protein expression of MnSOD, but not copper–zinc SOD, in
the lung (Figure 8). However, WHPC did not appear to affect the
expression patterns of inducible NO synthase or cyclooxygenase-
2, which were previously shown to mediate the protection
afforded by ischemic preconditioning in the heart (28, 29).

DISCUSSION

The current study demonstrates that both type I epithelial cells
and vascular endothelial cells are highly vulnerable to hypoxic
injury and are targets of WHPC-afforded protection. Consid-
ering that these two cell types are the main cellular populations
constituting the respiratory membrane, preservation of their
integrity is conceivably a critical component of the overall
protection against hypoxia afforded by WHPC. Furthermore,
WHPC-afforded protection against hypoxia appears to be most
prominent in type I epithelial cells, as shown by the total or
near-total disappearance of signs of hypoxic injury in these cells,
including the release of biochemical markers, shed cells in the
BAL fluid, and morphological damage in the lung of WHPC-
treated animals.

The lung epithelium plays important roles in regulating fluid
and solute exchange in the lung and, ultimately, in moderating

Figure 5. Effects of hypoxia and WHPC on the release of
type II epithelial markers. (A) Exposure to hypoxia caused

a small increase in surfactant-associated protein (SP)-A

levels in BAL. However, pretreatment with WHPC had little

effect on this hypoxia-induced pathological change.
Shown is a representative Western blot. (B) Densitometric

analysis of SP-A immunosignals from four blots. Data are

means 6 SE; n 5 8 for each group. *P , 0.005 versus

control; #P , 0.05 versus control. (C) Hypoxia exposure
caused a marginal increase in SP-D levels in BAL, which

remained unchanged with WHPC pretreatment. Shown is

a representative Western blot. (D) Densitometric analysis
of SP-D immunosignals from four blots. Data are means 6

SE; n 5 8 for each group. *P , 0.001 versus control; #P ,

0.05 versus control.

Figure 6. Effects of hypoxia and WHPC on the release of an

endothelial marker. The difference between von Willebrand

factor antigen (vWF:Ag) levels in blood samples collected
from the left ventricle (filled bars, pulmonary efferent blood)

and those in blood samples collected from the right

ventricle (open bars, pulmonary afferent blood) was calcu-

lated and taken as the net release of this endothelium-
specific marker from the pulmonary vasculature. (A) Expo-

sure to hypoxia caused a minor increase in vWF:Ag release

from the peripheral, but not the pulmonary vasculature. The
former was moderated by pretreatment with WHPC. *P ,

0.05 versus control. (B) There did not appear to be a net

release of vWF:Ag from the pulmonary vasculature under

any of the conditions tested. Data are means 6 SE; n 5 16
for each group.
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the development of hypoxic pulmonary edema (30–32). For
example, the structural integrity of the lung epithelium serves as
a physical barrier that impedes fluid flux from the interstitium to
alveoli, which in turn prevents fluid filtration from the pulmo-
nary circulation into the interstitium. Disruption of the epithe-
lial lining, or even impairment of tight junctions between
individual epithelial cells, will result in a free passage of fluid
and macromolecules into alveoli (alveolar flooding) and, in
turn, promote fluid filtration from the circulation (12, 14). Our
observation that preservation of the structural integrity of the
lung epithelial lining is associated with reduced hypoxic pulmo-
nary edema in WHPC-treated animals is in agreement with this
notion. Furthermore, the alveolar epithelium is fundamentally
important in fluid clearance from the distal airspace in the lung
through its sodium and water reabsorption functions that
involve a coordinated operation of the sodium channel in the
apical membrane, the Na,K-ATPase in the basolateral mem-
brane, and aquaporin water channels (30–32). Hypoxia has been
shown to inhibit the sodium channel and Na,K-ATPase at the
activity and/or the expression levels, and to reduce transepithe-
lial sodium flux and, eventually, alveolar fluid clearance (13, 33–
36). Such impairment of the epithelial reabsorption function
is considered a key factor in the development of hypoxic
pulmonary edema (30, 33). It is possible that WHPC also acts
to preserve this important function of the alveolar epithe-
lium through up-regulation of HSP32/HO-1 and MnSOD (see
below).

It must be pointed out that sodium reabsorption is tradi-
tionally regarded as a function of type II epithelial cells;
however, recent studies have shown that type I epithelial cells
contain sodium transport proteins and transport activities, both
of which are expressed at levels higher than those observed in

type II cells (37, 38). Considering that type I cells cover more
than 95% of the alveolar surface area, it is likely that these cells
play a major role in sodium and water reabsorption in the lung.
In the current study, we show that hypoxic injury to alveolar
type I epithelial cells is associated with alveolar edema, whereas
WHPC affords effective protection of these cells, and is asso-
ciated with avoidance of hypoxic alveolar edema. These findings
are therefore consistent with a new paradigm, whereby type I
epithelial cells are both the target injury site for hypoxia in the
lung, and the targeted cell type for protection by WHPC.

Given the heterogeneity and uneven nature of hypoxic lung
injury, the use of biochemical markers, especially those with
relative cell type specificities, represents a valuable alternative
for overall quantitative assessments of the severity of the injury
and the effectiveness of therapeutic interventions. Of the cell
type–specific markers used in the current study, caveolin-2 (24)
and RAGE (25) proved to be reasonably reliable markers for
hypoxia-induced injury in type I epithelial cells, as their release
from the lung was well correlated with the status of these cells,
as evaluated with conventional morphological approaches. Re-
lease patterns of SP-A and SP-D under hypoxic conditions were
generally consistent with the status of type II epithelial cells.
The mild increase of these markers in the BAL fluid from
hypoxic mice in the absence of morphological damage in type II
epithelial cells could be attributed to increased secretion of
surfactant by mechanical and/or biochemical stimuli (39, 40),
including physical stretch and hormonal changes that are
associated with hypoxic exposure. Interestingly, increased se-
cretion of surfactant has been linked to improved outcomes in
several types of acute lung injury (41–43). A major discrepancy,
however, exists between the presence of hypoxia-induced injury
in the pulmonary vascular endothelium, as shown by the elec-

Figure 7. Electron mi-

croscopic analysis of

hypoxic lungs with or
without WHPC. (A) Pa-

renchymal ultrastruc-

ture of a normoxic
lung showing a capillary

lined with endothelial

cells (EC) and alveolar

space lined with type I
epithelial cells (TI). Both

EC and TI are attached

to a thin basement

membrane (BM). An
adjacent type II epithe-

lial cell (TII) is also

shown. RBC 5 red
blood cell. (B) Hypoxia

caused significant injury

in both EC and TI,

whereas TII looked rela-
tively normal. Blebs in

EC (arrow head) and TI

(arrow) are shown. (C )

A severely injured blood
vessel characterized by

blebs in EC (arrow head)

and EC peeling off BM

(asterisks). A tight junc-

tion ( J) between peeled edges of EC appeared intact. Also shown are interstitial edema (E) and damaged interstitial fibroblasts/pericytes (F/P). Pl 5

platelets. (D) Hypoxic pulmonary edema occurred in both the air space (AS), as shown by proteinaceous materials (Pr), and the interstitium, as

shown by enlarged interstitial space. A necrotic TI is also shown. (E ) Enlargement of the boxed area from (D) showing a necrotic type I cell (TI1). The

neighboring type I cell (TI2) and the tight junction, as well as the adjacent vessel, appeared relatively normal. (F ) WHPC effectively limited hypoxic

lung injury. Minor EC blebs and interstitial edema were the only signs of injury, whereas epithelial cells looked normal. Bars 5 2 mm.
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tron microscopic analysis, and the absence of hypoxia-induced
vWF:Ag release into the pulmonary circulation in the current
study. vWF:Ag has been shown to be a sensitive marker for
endothelial damage, and has been used for the diagnosis and
prognosis of several types of acute lung injury in humans (27, 44,
45) and in rats (46). The failure of this marker in reflecting
hypoxia-induced injury in pulmonary endothelial cells in the
current study was therefore unexpected. Although the ELISA
kit was based on a rabbit anti-human vWF polyclonal antibody,
lack of cross-species reactivity was unlikely the reason, because
the same antibody worked well with the rat vWF (46), which
shared greater than 96% similarity with the mouse protein.
A possible explanation lies in the heterogeneous expression
pattern of vWF in the pulmonary vasculature. Several studies
have found that vWF is weakly expressed in endothelial cells of
alveolar wall capillaries, and that its expression levels in pul-
monary vascular endothelial cells increase gradually with vessel
caliber (47, 48). Given that hypoxic injury in the pulmonary
circulation affects mainly capillaries and small-resistance ves-
sels, it certainly can be questioned whether vWF is a sensitive
marker for this particular type of endothelial injury.

The molecular nature of the WHPC-afforded protection
against hypoxic lung injury has yet to be elucidated. Results
from the current study, however, seem to indicate that WHPC,
at least in part, acts to enhance the resistance of susceptible cell
populations to hypoxic insult through selective up-regulation of
cytoprotective genes. Indeed, protein levels of HSP27, HSP32/
HO-1, and HSP70 rapidly increased in the lung after WHPC
treatment. Given the well documented cytoprotective effects of
these HSPs against various types of stress, including hypoxia

(49, 50), it is reasonable to assume that their up-regulation
would at least partially account for the WHPC-afforded pro-
tection against hypoxic injury in the lung. Furthermore, recent
studies demonstrated that hypoxia caused endocytosis and
inhibition of Na,K-ATPase in alveolar epithelial cells through
increased production of reactive oxygen species in mitochondria
(11), and that overexpression of a mitochondrial antioxidant
enzyme, MnSOD, prevented these adverse effects (21). These
interesting findings raise the possibility that HSP32/HO-1, an
important antioxidant enzyme, may act in concert with
MnSOD, which was also up-regulated in the lung by WHPC,
to prevent hypoxia-induced endocytosis and inhibition of Na,K-
ATPase and, thus, preserve fluid reabsorption functions of the
alveolar epithelium. This is particularly relevant when one
considers that HSP32/HO-1 is highly expressed in the lung
epithelium (51), and has been shown to localize to the mito-
chondrion of alveolar epithelial cells (52).

In summary, WHPC attenuates hypoxic pulmonary edema
and hypoxia-induced increase in pulmonary vascular perme-
ability through protection of cells constituting the respiratory
membrane, especially hypoxia-vulnerable type I epithelial cells.
We postulate that this beneficial effect may involve up-regula-
tion of cytoprotective genes that preserve the structural and
functional integrity of protected cells.
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