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Serum ferritin levels are elevated in subjects with acute lung injury (ALI), and abnormalities in plasma
and lung iron chemistry have also been demonstrated in ALI and acute respiratory distress syndrome
(ARDS). Stress-inducible heme oxygenase-1 (HO-1), as well as ferritin, had shown anti-inflammatory
actions. Biomarkers for early detection in patients who are likely to develop ARDS would give several
therapeutic chances to the patients. In order to verify the predictability in severe hemorrhage-induced
ALI in rats, we measured serum ferritin and HO-1 concentrations before and after hemorrhage. Severe
hemorrhages significantly increased the number of leukocytes in bronchoalveolar lavage (BAL) fluid
and lung tissue myeloperoxidase activity. Both serum ferritin and HO-1 levels increased following
hemorrhage, but ferritin levels were elevated earlier than HO-1. In BAL cell immunohistochemical
studies, ferritin and HO-1 expressions increased after hemorrhage and localized in the cytoplasm of
leukocytes. These findings suggest that inflammatory leukocytes in BAL fluid can secrete ferritin and
HO-1, and serum ferritin levels might be more valid factor in predicting ARDS than HO-1 levels in

Oxygenase-1

in

hemorrhage-induced ALL
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Introduction

The pathogenesis of acute lung injury (ALI) and acute res-
piratory distress syndrome (ARDS) appears to involve im-
[5,19,32].
Abnormalities in plasma and lung iron chemistry also have
been demonstrated in ALI and ARDS [5,13,14]. Iron is a key

biological catalyst for oxygen utilization but can also gen-

balance between oxidants and antioxidants

erate reactive oxygen species (ROS). Previous studies have
shown the potential for proinflammatory and/or directly in-
jurious roles of iron in the setting of ALI [5,12,22,31]. These
findings suggest that abnormal iron regulation may contrib-
ute to the pathogenesis of ALL

Heme oxygenase-1 (HO-1), an inducible form of HO, is
a 32-kD heat shock protein expressed in response to various
noxious stimuli including heavy metals, hyperoxia, hypo-
xia, endotoxin, hydrogen peroxide, and inflammatory cyto-
kines [23,25]. Several results suggest that increased ex-
pression of HO-1 can protect the host from various patho-
logical conditions. HO catalyzes the conversion of heme in-
to CO, Fe2+, and biliverdin [23,25,38]. Ferrous iron (Fe2+) in-

duces the expression of ferritin, a multimeric iron-chelating
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protein [2]. Ferritin synthesis has been shown to increase
cell resistance to oxidative stress by sequestering intra-
cellular catalytic iron [10,11] although variable causes can
lead to elevate ferritin.

In ARDS, it has been known that HO-1 concentration in
bronchoalveolar lavage (BAL) fluid is correlated positively
with changes in BAL fluid ferritin concentration [7]. Serum
ferritin levels are increased in patients with ALI and multi-
ple organ failure [9,34], and severe hemorrhage and in-
testinal ischemia/reperfusion induced ALI increase serum
and BAL ferritin levels in rats [27-30]. However, Park et al.
[28] reported that there was no close relationship between
serum and BAL ferritin increases, therefore, the mechanisms
responsible for the increase of serum and BAL ferritin and
their relationship to ALI are still unclear. Early and accurate
identification of patients who are likely to develop ARDS
would give several therapeutic chances to the patients.
Development of specific disease marker(s), therefore, for pre-
dicting ARDS is a desirable goal for researchers [§].

Therefore, this investigation deals with the pathophysio-
logical relationship between the changes of ferritin and HO-1
levels in severe hemorrhage-induced ALIL In addition, it is
worthy to evaluate the changes of serum ferritin and HO-1
concentrations as a biological marker for the early detection
of ARDS.



Materials and Methods

Experimental protocols were approved by the Ethical
Committee of Animal Experiments in Daegu Catholic
University, School of Medicine. Adult male Sprague-Dawley
rats weighing approximately 300-450 g were used in this
study. Rats were anesthetized by an intraperitoneal injection
of ketamine (80 mg/kg) and xylazine (16 mg/kg).

Rats were randomly divided into two groups and were
given an intraperitoneal injection of saline vehicle (3 ml/kg)
or PLA; inhibitor mepacrine (60 mg/kg). Left femoral artery
was then incised and polyethylene catheter (PE-50,
Clay-Adams, Sparks, MD, USA) filled with heparinized sal-
ine (100 U/ml) were inserted into each femoral artery for
blood removal (hemorrhage) and blood sampling. Thirty mi-
nutes after injection of saline or mepacrine, arterial blood
was withdrawn from the catheter into a syringe at a constant
rate of 4 ml/kg/min for 5 minutes (total 20 ml/kg) using
a withdrawal pump (Model 22, Harvard Apparatus,
Holliston, MA, USA). Sham rats were anesthetized and
catheterized similarly but were not hemorrhaged. All the
rats were not resuscitated after hemorrhage. For measure-
ment of serum ferritin, HO-1, and protein concentrations,
200 pl of arterial blood was collected through the femoral
arterial catheter before hemorrhage and every 30 min
thereafter. The rats remained deeply anesthetized through
the entire experiment.

Bronchoalveolar lavage was performed by cannulating
the trachea and instilling 8.0 ml of cold normal saline with
a syringe. Saline was flushed three times. Approximately 6
ml of lavage fluid was recovered from each rat. Then the
fluid was centrifuged at 1,000x g for 10 min, and the re-
sultant cell-free supernatant collected and stored at -70°C for
additional assays. The cell pellet was resuspended with 1.0
ml of distilled water and 1.0 ml of Hanks" balanced salt sol-
ution for a few seconds and centrifuged again. After the su-
pernatant was discarded, the pellet was suspended in 0.2
ml of normal saline. Total leukocytes were counted with a
hemocytometer.

To compare the relationship between the changes of ferri-
tin and HO-1 in serum and BAL fluid, immunochemistry
of BAL leukocytes were performed. After counting the leu-
kocyte numbers in BAL fluid, remaining cells were attached
to the glass slides by cytospin preparation. Slides were
air-dried and stored at -70°C until staining. Frozen slides
were brought to room temperature and fixed in 2% paraf-
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ormaldehyde for 30 min. Cells were permeabilized with
0.1% triton-X in PBS for 30 min. The slides were blocked
in 5% normal goat serum in PBS and were incubated with
the primary antibody to ferritin (DAKO, Carpenteria, CA,
USA) at 1:100 dilutions or HO-1 (Santa Cruz Biotechnology,
Inc., Santa Cruz, CA, USA) at 1:20 dilutions in PBS. They
were washed 5 times (5 min each) and incubated with the
secondary antibody, Cy3-conjugated donkey anti-rabbit IgG
(Jackson Immunoresearch Laboratories, West Grove, PA,
USA), at a dilution of 1:150 in PBS for 1 hr and added DAPI
(5 ul/ml) or propidium iodide (10 pg/ml) to stain nuclei
or nucleic acids. The slides were washed 6 times and put
in the moist chamber box overnight with PBS.

For the confirmation of pulmonary leukocyte infiltration,
whole lungs were collected and frozen at -70°C for analysis
of myeloperoxidase (MPO) activity. Lung MPO activity was
measured by previously described method [17]. Briefly, fro-
zen lungs were thawed and then homogenized in 4 ml of
20 mM potassium phosphate buffer (pH 7.4), and centri-
fuged at 30,000x g for 30 min at 4°C. The pellet was re-
suspended in 4 ml of 50 mM potassium phosphate buffer
(pH 6.0) containing 0.5% hexadecyltrimethylammonium bro-
mide, sonicated for 90 sec, and incubated for 2 hr at 60°C.
Then MPO activity was determined using o-dianisidine as
the substrate and HyO, to initiate the reaction.

Serum protein concentrations were measured using a bi-
cinchoninic acid method (Sigma, St. Louis, MO, USA).
Ferritin and HO-1 concentrations were quantified with com-
mercially available ELISA kit specific for rat ferritin
(Panapharm Laboratories, Kumamoto, Japan) and HO-1
(Takara Bio Inc., Shiga, Japan) following the instructions.

All data are presented in means*SEM. Unpaired t-test
was used to make comparison between groups, and paired
t-test was used for paired observations within a group. A

p value of <0.05 was considered statistically significant.

Results

Effects of hemorrhage on lung inflammation

Acute lung injury was induced in rats by means of severe
hemorrhage. The BAL fluid leukocyte number and lung
MPO activity were significantly increased by hemorrhage
compared to the values obtained from sham rats (Fig. 1 &
2). Mepacrine treatment had significantly decreased these
parameters compared to untreated hemorrhaged. Mepacrine

per se did not affect these parameters (data not shown).
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Lung Lavage Leukocyte Numbers
(millions/ two lungs)

Sham Hemorrhage Mepa + Hemo

Fig. 1. Severe hemorrhage significantly increased number of leu-
kocyte in lung lavage fluid. Mepacrine pretreatment
(Mepat+Hemo) effectively suppressed the increase. The
data shown are meanstSEM for the number of determi-
nations shown in the parenthesis. **p<0.01, compared
with Sham; #p<0.05, compared with Hemorrhage.
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Fig. 2. Rats subjected to severe hemorrhage had significantly
increased lung tissue myeloperoxidase (MPO) activities.
This change was significantly attenuated by the pretreat-
ment of mepacrine (Mepat+Hemo). The data shown are
means*SEM for the number of determinations shown
in the parenthesis. ***p<0.001, compared with Sham;
###p<0.001, compared with Hemorrhage.

Effect of hemorrhage on serum protein and ferritin
levels

Hemorrhage significantly decreased serum protein con-
centrations compared with sham. Sham rats did not show
any changes in serum protein concentration (Fig. 3). Before
hemorrhage, all groups had the same serum ferritin levels
(Fig. 4). Following hemorrhage, serum ferritin levels of un-
treated hemorrhaged rats progressively increased from their
baseline levels. The values at 60 and 90 minutes showed
sharp increases and significantly higher than those of sham
and mepacrine-treated rats. Ferritin level at 120 minute was
about 3.5 times the baseline level. By comparison, the serum
ferritin levels of sham treated rats remained at their baseline
levels throughout the 120 min observation period. Mepacrine

treatment attenuated serum ferritin increase in rats subjected
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Serum Protein Concentrations (mg/mL)
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Fig. 3. Following hemorrhage, serum protein concentrations
were greatly decreased in both hemorrhaged rats.
Serum protein concentrations of sham rats did not
change through the experiment. Hashed bar means the
period of hemorrhage. Each point represents means+
SEM for the number of determinations shown in the
parenthesis. *p<0.05, **p<0.01, **p<0.001, compared
with Sham.
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Fig. 4. Rats subjected to hemorrhage had greatly increased se-
rum ferritin concentrations after 60 minutes following
hemorrhage. By comparison, mepacrine pretreatment
(Mepa+Hemo) significantly attenuated the increase fol-
lowing hemorrhage. Serum ferritin concentrations of
Sham rats did not change through the observation
period. Hashed bar means the period of hemorrhage.
Each point represents means=SEM for the number of de-
terminations shown in the parenthesis. *p<0.05,
***p<0.001, compared with Sham; ###p<0.001, compared
with Mepa+Hemo.

to severe hemorrhage.

Effect of hemorrhage on serum HO-1 levels

Serum HO-1 concentrations of all rats did not change until
60 min after hemorrhage. However, untreated hemorrhaged
rats had slightly increased HO-1 levels at 90 min and greatly
elevated 2 hr after hemorrhage. Sham and mepacrine-treated
rats had the same serum HO-1 concentrations and the levels
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Fig. 5. Serum heme oxygenase-1 (HO-1) concentrations of Sham
rats did not change through the observation period. In
contrast, rats subjected to hemorrhage had greatly in-
creased serum ferritin concentrations after 60 minutes
following hemorrhage. By comparison, mepacrine pre-
treatment (Mepa+Hemo) significantly attenuated the in-
crease following hemorrhage. Each point is meanstSEM
for the number of determinations shown in the parenthesis.
***p<0.001, compared with Sham; ###p< 0.001, com-
pared with Mepa+Hemo.

were not changed until the end of experiment (Fig. 5).

Immunohistochemistry  for  ferritn - and  HO-1 in  BAL
leukocytes
Lung lavage cell immunochemical staining for ferritin

showed same pattern of above results. Hemorrhaged rats
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had greatly increased BAL leukocyte number (Fig. 6C) com-
pared with sham rats (Fig. 6A). Mepacrine treatment also
reduced leukocyte number (Fig. 6E). Ferritin staining was
only remarkable after hemorrhage (Fig. 6C). Intense im-
munochemical staining of ferritin was found and localized
in the cytoplasm of leukocytes after hemorrhage (Fig. 6D).
Lung lavage leukocyte HO-1 expression was also increased
in the rats with untreated hemorrhage (Fig. 7C,D) compared
with the expression of sham rats (Fig. 7A,B). Mepacrine-
treatment decreased the expression of HO-1 (Fig. 7EF).
HO-1 expression was also localized in the cytosol (Fig. 7G).

Discussion

Oxidative stress is implicated in the pathogenesis of many
diseases associated with inflammation such as ARDS, pul-
monary fibrosis, and asthma [37]. Trauma and hemorrhagic
shock are two of the most common causes of ALI in patients
[15,32]. As shown in the previous reports [28-30], lungs of
rats subjected to severe hemorrhage rapidly develop ALI,
which is characterized by an increased influx of leukocytes
and increased BAL protein concentrations - findings that re-
semble changes that occur in the lungs of human subjects
who have ALI [32]. Hemorrhagic shock should be consid-
ered as “whole-body ischemia” [20], therefore, severe hem-

orrhage is a good system for studying the effects of a sys-

A. Sham (X200)

B. Sham (X1,000)

C. Hemorrhage (X200)

D. Hemorrhage (X1,000)

E. Mepa+Hemo (X200)

F. Mepat+Hemo (X1,000)

Fig. 6. Immunohistochemical studies of ferritin in BAL cells 2 h after hemorrhage. Hemorrhaged rats (C) had increased lung lavage
cell number and ferritin expression compared with sham rats (A). Mepacrine treatment (E) attenuated this response following
hemorrhage. Ferritin staining was found in the cytoplasm of lung lavage leukocytes following hemorrhage (D) but not in
those of sham (B) and mepacrine-treated hemorrhage (F). Original magnifications are shown in the parenthesis.
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A. Sham (X200) B. Sham (X400)

C. Hemorrhage (X200) D. Hemorrhage (X400)

E. Mepa+Hemo (X200)

F. MepatHemo (X400)

G. (X400)

Fig. 7. Immunohistochemical studies of heme oxygenase-1 (HO-1) in BAL cells 2 h after hemorrhage. Lung lavage leukocytes ex-
pression of HO-1 was increased in the rats subjected to hemorrhage (C) compared to that of sham rats (A). Mepacrine-treated
rats had decreased expression of HO-1 (E). HO-1 staining was limited in the cytoplasm of leukocytes (G). Original magnifica-

tions are shown in the parenthesis.

temic ischemia-reperfusion insult that leads to ALL
Moreover, this approach may be different in mechanism
from more direct lung insults that lead to ALL such as pneu-
monia and aspiration.

Ferritins are mainly cytosolic proteins and keep the stored
iron separated from the nucleus and other organelles.
However, a minor proportion of ferritin in vertebrates is
present also in serum and secretory fluids. Serum ferritin
is a clinically important index of body iron stores, but its
functional role remains largely obscure [1]. Induction of the
synthesis of ferritin is an important mechanism for the se-
questration of reactive iron and defense against oxidant in-
jury [2,3].

In the present investigation, hemorrhaged rats had in-
creased serum ferritin concentrations despite of the
hemodilution. Serum protein concentration decreases most
likely occurred as a result of physiological regulation caused
by the release of fluid into blood vessels following hemor-
rhage [39]. In addition, ferritin expression in BAL leukocytes
is also significantly elevated following hemorrhage.
Mepacrine- treatment attenuated the increase of serum and
BAL cell ferritin levels as well as successfully prevented ALL
These findings confirm previous works including in vitro [2]
and i vivo [28-30]. Park et al. [28] reported that BAL ferritin
levels are closely related with lung lavage protein concen-
tration rather than serum ferritin concentration. They sug-

gested a hypothesis that the increase of serum and BAL ferri-

tin might have different origin, and BAL ferritin should be
actively secreted and/or released from damaged lung
tissues. Present immunohistochemical results might be the
answer: BAL fluid leukocyte number and ferritin expression
are also increased following hemorrhage, but tissue im-
munohistochemical staining did not show differences among
the groups (data not shown). It suggests that increased BAL
ferritinis originated mainly from inflammatory leukocytes
rather than the tissue expression following hemorrhage. In
addition, the expression of ferritinis in the cytoplasm of lung
lavage leukocytes (mainly monocyte/macrophage) after
hemorrhage.

In many respects, ferritin can be viewed as a member of
the group of proteins that respond to stress and
inflammation. Inflammatory cytokines upregulate ferritin
synthesis in various mammalian cells, including mesen-
chimal cells, hepatocytes, and monocyte-macrophages [21].

In addition to the previous results, this study also shows
the parallel increases of ferritin levels and ALI in untreated
hemorrhaged rats, and the ability of mepacrine to inhibit
both ferritin increase and ALL These findings can suggest
a possibility to use serum and/or BAL ferritin levels as a
useful biomarker for predicting ARDS.

HO is a heme-cleaving enzyme that opens the porphyrin
ring, producing biliverdin, carbon monoxide (CO), and free
iron [25,36]. Free iron (Fe”") induces the expression of ferri-

tin, which binds and stores iron in a form less harmful to



oxidative injury [2]. It is known that HO-1 induction re-
sponds to common causes of oxidative stress to the airways,
including hyperoxia, hypoxia, endotoxemia, heavy metal ex-
posure, bleomycin, diesel exhaust particles, and allergen ex-
posure [16,18]. Therefore, HO not only acts in iron con-
servation but may protect against oxidative injury by seques-
tration of free iron and by producing bilirubin, which also
has antioxidant properties [35].

In accordance with the above reports, serum HO-1 levels
greatly elevated only in hemorrhaged rats as serum ferritin
concentrations did. In immunohistochemical study, lung lav-
age cell HO-1 expression was more prominent in untreated
hemorrhaged rats than those of sham and mepacrine-treated
hemorrhaged rats. Indeed, HO-1 expression occurs in respi-
ratory epithelial cells, fibroblasts, endothelial cells, and
largely in alveolar macrophages [16,18]. Mumby et al. [24]
also reported that HO-1 and ferritin were elevated in lungs
of ARDS patients. The exact mechanisms to induce cellular
expressions of ferritin and HO-1 in this animal model of ALI
are not clear at present. Additional studies may be required
to explain the exact mechanism of the induction of HO-1
and ferritin in serum and inflammatory cells.

Still there is a remaining question. Expression of ferritin
was originally reported to be the mechanism by which HO-1
conferred resistance to oxidative stress in endothelial cells
[2]. If this is true in a strict way, BAL fluid cellular ex-
pression of HO-1 should be greater than ferritin responses.
Several studies have shown that ferritin sometimes appears
to substitute for HO-1 action and other times does not. In
general, hypoxia increases intracellular generation of re-
active oxygen species, and oxidative stress has been shown
to mobilize iron from intracellular ferritin, increasing cell
content of unbound iron and thereby promoting additional
ferritin synthesis [4,6]. Rogers et al. [33] also reported that
inflammatory induction of ferritin synthesis was different
from iron-dependent ferritin gene expression. Additionally,
the potent cellular protection provided by HO-1 induction
in rats subjected to endotoxic shock appeared to be ferritin
independent and iron dosing was ineffective at conferring
protection [26].

Based on these results, therefore, BAL ferritin responses
thought to be independent of the HO-1 inductions under
these conditions. HO-1 expression may be greatly induced
by heme-induced oxidative stress or in the conditions of nor-
mal heme and/or hemoglobin levels. However, in this ex-

periment, anemia by severe hemorrhage can be a possible
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cause of reduced HO-1 induction. Although there is no sup-
porting data for explanation, serum HO-1 and ferritin con-
centrations may be useful candidate for predicting bio-
markers for ARDS in the hemorrhage-induced ALIL In addi-
tion, change of serum ferritin is faster than HO-1 in this
model of ALI and might be more useful to predict patients
at high-risk of progression to ARDS. While this report relates
to relatively acute responses, other factors, such as chronic
inflammation or iron retention that alter ferritin and other

iron binding proteins may also be contributory to ALL
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