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Heme oxygenase-1 (HO-1) is the inducible isoform of an enzyme family responsible for heme degradation and
was suggested to be involved in the acute phase response in the liver. However, the mechanisms of the HO-1
regulation under inflammatory conditions are poorly understood. Therefore, the purpose of the current work
was to study the expression of HO-1 in the liver and other organs of rats with a localized inflammation after
intramuscular injection of turpentine oil (TO). Since interleukin-6 (IL-6) is known to be a principal mediator of
inflammation, the levels of this cytokine were also estimated in the animal model used. HO-1 and IL-6
expression was evaluated by Northern blot, in situ hybridization, Western blot, immunohistochemistry and
enzyme-linked immunosorbent assay. In the liver and injured muscle, the HO-1 mRNA levels were dramatically
increased 4–6h after TO administration. HO-1 protein levels in the liver were elevated starting from 6–12h after
the treatment. In other internal organs such as the heart, kidney and large intestine, only a slight induction of
HO-1 mRNA was observed. IL-6-specific transcripts appeared only in the injured muscle and were in
accordance with serum levels of IL-6. In turn, temporal expression of IL-6 in the muscle and circulatory IL-6
levels correlated well with HO-1 expression in the liver and injured muscle. In the liver of control rats HO-1
protein was detected in Kupffer cells, while in TO-injected rats also hepatocytes became strongly HO-1 positive.
Conversely, in the injured muscle, HO-1 immunoreactivity was attributed only to macrophages. Our data
demonstrate that during localized inflammation HO-1 expression was rapidly and strongly induced in
macrophages of injured muscle and in hepatocytes, and IL-6 derived from injured muscle seems to be
responsible for the HO-1 induction in the liver.
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Heme oxygenase (HO, EC 1.14.99.3) is the micro-
somal enzyme that catalyses the initial reaction in
heme catabolism yielding equimolar amounts of
biliverdin, carbon monoxide, and free divalent
iron.1,2 Biliverdin is subsequently reduced to bilir-
ubin by biliverdin reductase, while the free iron is
promptly sequestered into ferritin. Three isoforms of
HO (HO-1, HO-2 and HO-3) have been described in
mammals as the products of separate genes.3–5 HO-1
is widely expressed in tissues and highly inducible
in virtually all cell types by a variety of stimuli.6

Constitutively expressed HO-2 is unresponsive to
any of the known HO-1 inducers.5–7 The recently
discovered HO-3 isozyme is nearly devoid of
catalytic activity and serves mainly as heme-sen-
sing/binding protein.4 HO-1 expression is induced
not only in response to its substrate heme,8 but
also by various stress stimuli such as hydrogen
peroxide, xenobiotics, nitric oxide, ultraviolet-A
radiation, heavy metals, hypoxia, hyperoxia, heat
shock,9,10 endotoxin11,12 and proinflammatory cyto-
kines.13–16 Accumulating evidence reveals the pro-
tective role of HO-1 by virtue of the antiinflam-
matory, antiapoptotic and antiproliferative activities
of the products released by the heme breakdown
reaction.17–19

The acute phase response (APR) is a defense
reaction of the organism directed to restrict the area
of damage and to eliminate, or at least isolate, the
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damaging agent. Every agent that leads to loss of
tissue integrity induces a local reaction known as
inflammation.20 Cells of the inflammatory infiltrate
produce and/or induce the production of cytokines,
the main soluble factors responsible for the onset,
progression and resolution of the APR, whereas the
liver is the primary target organ of the host defense
reaction.21 The liver parenchymal cells, hepatocytes,
are the source of specific circulatory proteins, called
acute phase proteins (APP), for example, a2-
macroglobulin, C-reactive protein, serum amyloid
A, etc. The plasma concentrations of APPs
are dramatically changed during the APR.20 Inter-
leukin-6 (IL-6), interleukin-1b (IL-1b) and tumor
necrosis factor-a (TNF-a) are the most potent
inducers of APP synthesis in hepatocytes,20 and
are thereby considered to be the main mediators of
the APR.

Although it has been shown that HO-1 could be
upregulated under inflammatory conditions in the
liver15,16,22 and in hepatoma cell lines,14 it remains
unclear whether induction of HO-1 in vivo occurs as
a response to cytokines released locally at the site of
inflammation. To test this hypothesis, we analyzed
HO-1 expression in the liver and extrahepatic
tissues of rats after induction of sterile muscle
abscess by injection of turpentine oil (TO), which
subsequently leads to a local inflammation followed
by systemic APR.23

Materials and methods

Animals

Male Wistar rats (about 200 g body weight) were
purchased from Harlan–Winkelmann (Borchen,
Germany) and kept under standard conditions with
12-h light/dark cycles and access to fresh water and
food pellets ad libitum. All animals received
humane care in accordance with the institution’s
guidelines, the German Convention for Protection
of Animals and the National Institutes of Health
guidelines.

Materials

All chemicals were of analytical grade and obtained
from commercial sources as indicated: [a-32P]-
labeled deoxy-cytidine-triphosphate (specific activ-
ity 3000Ci/mmol) and Hybond N nylon membranes
were from Amersham Pharmacia Biotech (Freiburg,
Germany); Protran nitrocellulose membranes from
Schleicher and Schuell (Dassel, Germany); pento-
barbital sodium (Narcoren) from Merial (Hallberg-
moos, Germany). TO was purchased from the
University Pharmacy Goettingen (Goettingen, Ger-
many). Media M199, collagenase type I and fetal calf
serum were from Biochrom (Berlin, Germany); T3
and T7 RNA polymerases, DNase I, RNase A and
yeast tRNA from Roche (Mannheim, Germany).

Nycodenz was obtained from Nyegaard (Oslo,
Norway), hybridization solution QuikHyb from
Stratagene (Heidelberg, Germany), agarose, guani-
dine isothiocyanate and Taq DNA-polymerase were
from Invitrogen (Karlsruhe, Germany). L-glutamine
was from PAA (Linz, Austria); cesium chloride from
Paesel and Lorei (Frankfurt, Germany). Lipopoly-
saccharide (LPS) from Salmonella minnesota was
purchased from Difco Laboratories (Detroit, MI,
USA). All other reagents and chemicals were from
Sigma-Aldrich Chemie (Munich, Germany) or Merck
(Darmstadt, Germany).

cDNA Probes

Two cDNA probes used for Northern blot analysis
were amplified from respective clones by polymer-
ase chain reaction using standard T3 and T7
primers: an 883 base pair (bp) EcoRI-HindIII insert
of pBS-HO-124 and a 901 bp PstI-BamHI fragment of
a rat IL-6 clone.25 In order to control APR in rat liver,
a rat a2-macroglobulin cDNA clone26 and a clone
carrying a 700 bp fragment of mouse albumin
cDNA27 were used. To validate quantitative North-
ern blot results, a clone carrying the rat glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) cDNA,28

or an oligonucleotide (50 AAC GAT CAG AGT AGT
GGTATT TCA CC 30) complementary to 28S rRNA,29

was used.

Antibodies

Rabbit polyclonal antiserum against rat HO-1 and
mouse anti-rat HO-1 monoclonal antibody were
purchased from Stressgen Biotechnologies Corp.
(Victoria, BC, Canada). Mouse anti-rat ED1 and
ED2 monoclonal antibodies were from Serotec
(Dusseldorf, Germany) and mouse monoclonal anti-
body against b-actin was obtained from Sigma-
Aldrich Chemie. Horseradish peroxidase-conjugated
donkey anti-rabbit and rabbit anti-mouse immuno-
globulins from Amersham Pharmacia Biotech and
from Dako (Copenhagen, Denmark), respectively,
were used as secondary antibodies.

Isolation and Culture of Rat Kupffer Cells

Rat liver macrophages (Kupffer cells) were isolated
according to the method of Knook and Sleyster30 as
previously described.31 After assessment of viability
by trypan blue staining, cells were taken up in cul-
ture medium (M199, 15% fetal calf serum, 100U/ml
penicillin, 100 mg/ml streptomycin, 1% L-glutamine)
and plated onto 60-mm Falcon plastic dishes at a
density of 6� 106 cells per dish. Cell cultures were
maintained at 371C in a 95% air/ 5% CO2 atmo-
sphere and saturated humidity. Treatment of Kupffer
cells with LPS (500 ng/ml) was carried out in serum-
reduced medium (0.3% fetal calf serum) for 24 h.
Afterwards, the cells were washed with phosphate-
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buffered saline (PBS), pH 7.4 and frozen at �801C
for subsequent RNA isolation. Total cellular RNA
isolated from LPS-treated Kupffer cells served as a
positive control for detection of IL-6-specific tran-
scripts.

Induction of Acute Phase Reaction

Acute phase reaction was induced by intramuscular
injection of 5ml/kg TO into the right and left hind
limb of ether-anesthetized rats; control animals
received no injection. Animals were killed at time
points ranging from 30min to 48h after TO admin-
istration under pentobarbital anesthesia. Different
organs as well as hind limb muscle tissue including
the TO-injected area were excised, rinsed with
physiological sodium saline, frozen in liquid nitro-
gen and stored at �801C until use.

Preparation of Tissue Homogenates

About 100mg of frozen tissue was homogenized
with Ultra-Turrax TP 18/10 three times for 10 s each
in 10 volumes of 50mM Tris-HCl buffer, pH 7.4,
containing 150mM sodium chloride, 1mM ethyle-
nediaminetetraacetic acid, 1% Triton X-100, 1mM
phenylmethanesulfonyl fluoride, 1mM benzami-
dine, 1mg/ml leupeptin, 10mM chymostatin, 1mg/ml
antipain, 1 mg/ml pepstatin A. The entire procedure
was carried out at 41C. Crude homogenates were
passed five times through a 22 G needle applied to a
syringe, centrifuged at 41C for 5min at 10 000� g
and the protein concentration was determined in
supernatants using the BCA protein assay reagent kit
(Pierce, Bonn, Germany). Aliquots of the homoge-
nates were stored at �201C until use.

Western Blot Analysis

Protein samples were denatured in electrophoresis
buffer (50mM Tris-HCl [pH 6.8], 2% sodium
dodecyl sulfate, 10% glycerol, 50 mg/ml bromphenol
blue, 2% b-mercaptoethanol) at 951C for 10min and
15 mg of total protein was subjected to sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
with a 12.5% resolving gel according to the method
of Laemmli32 using a Mini-PROTEANt III Electro-
phoresis Cell (BioRad, Munich, Germany). As
molecular weight standards, the Rainbowt colored
protein markers (Amersham Pharmacia Biotech)
were used. Proteins were transferred onto nitrocel-
lulose membranes in a Mini-Trans-Blots Transfer
Cell (BioRad) according to the procedure of Towbin
et al.33 The membranes were blocked in Tris-
buffered saline containing 0.1% Tween 20 (TBS-T)
and 5% nonfat dry milk at 41C overnight and
processed for immunodetection using a rabbit
polyclonal antiserum against HO-1 (1:2000 dilu-

tion in TBS-T with 0.5% milk) for 2 h at room
temperature. After a subsequent washing step,
peroxidase-conjugated anti-rabbit immunoglobulin
was used as a secondary antibody. Visualization of
immunoreactive bands was performed using the
SuperSignals West Pico Chemiluminescent Sub-
strate (Pierce) and the signal was detected by short
exposure to X-ray film (Fuji, Duesseldorf, Germany).
To ensure equal loading of proteins, the blots were
stripped and reprobed with anti-b-actin antibody
(1:5000 dilution in TBS-Twith 0.5% milk; 1 h, room
temperature).

Immunohistochemistry

For immunohistochemistry, tissue specimens from
rat liver and muscle were rinsed with 0.9% NaCl
and snap-frozen in liquid nitrogen. Cryostat sections
(5 mm) were air-dried, fixed with methanol (�201C,
10min) and acetone (�201C, 10 s), and stored at
�201C. After inhibition of endogenous peroxidase
by incubating the slides with PBS containing
glucose/glucoseoxidase/sodium azide, they were
treated with FCS for 30min to minimize nonspecific
staining. The sections were incubated in a humidi-
fied chamber with the first antibody directed against
HO-1, ED1 and ED2 diluted in PBS at the ratios of
1:500, 1:100, and 1:100, respectively, for 1 h at room
temperature. Negative controls were incubated with
normal mouse serum instead of the first antibody.
After washing, the slides were covered with per-
oxidase-conjugated anti-mouse immunoglobulin
preabsorbed with normal rat serum to avoid cross-
reactivity. Slides were washed and incubated with
PBS containing 3,3’-diaminobenzidine (0.5mg/ml)
and H2O2 (0.01%) for 10min to visualize immune
complexes. Nuclei were counterstained with
Meyer’s hemalum solution before the slides were
mounted with coverslips.

Enzyme-Linked Immunosorbent Assay (ELISA)

Blood samples from the inferior vena cava were
collected from control and treated rats, allowed to
clot overnight at 41C and centrifuged for 20min at
2000� g. Serum was removed and stored in aliquots
at �201C. Serum IL-6 concentrations were deter-
mined by rat IL-6-specific ELISA, standardized with
rat IL-6 using the Quantikines M immunoassay kit
(R&D Systems, Wiesbaden, Germany) according to
the manufacturer’s instructions.

RNA Extraction and Northern Blot Analysis

Total RNA was isolated from different rat tissues
including the liver, spleen, kidney, lung, heart,
skeletal muscle, small and large intestine by means
of guanidine isothiocyanate extraction, cesium
chloride density-gradient ultracentrifugation and
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ethanol precipitation according to method of
Chirgwin et al.34 The RNA obtained was quantified
by measuring the absorbance at 260nm. Total
RNA (5–10mg/lane) was size-fractionated by electro-
phoresis in 1% agarose–formaldehyde gels, trans-
ferred to nylon membranes using the capillary
transfer system and crosslinked by ultraviolet
light.

Each cDNA probe was labeled with 40–60 mCi of
[a-32P]-labeled deoxy-cytidine-triphosphate (3000Ci/
mmol) by nick translation while the 28S rRNA
oligonucleotide was labeled by random priming
using commercially available kits according to
the manufacturers’ instructions. The probes were
purified from unincorporated radiolabeled nu-
cleotides on NICKt Columns prepacked
with Sephadexs G-50 (Amersham Pharmacia
Biotech).

The membranes were hybridized with respective
[32P]-labeled cDNA probes (1� 106 cpm/ml) in Qui-
kHyb hybridization solution at 681C for 1 h. After
hybridization the membranes were washed in 2�
standard saline citrate (SSC) containing 0.1%
sodium dodecyl sulfate twice for 15min at room
temperature and twice for 5–15min at 501C. Nylon
filters were then exposed to X-Omat AR films
(Kodak, Rochester, NY, USA) with an intensifying
screen for 1–3 days at �801C. The autoradiograms
were scanned (Bio-Rad, Hercules, CA, USA) and
densitometrically analyzed (Molecular Analyst, Bio-
Rad). To ensure equal loading of RNA, the mem-
branes were stripped and reprobed for 28S rRNA or
GAPDH mRNA.

In Situ Hybridization

In situ hybridization (ISH) was performed according
to the published protocol35 with slight modifica-
tions. Briefly, antisense and sense riboprobes were
synthesized with the DIG RNA labeling kit (Roche)
using T3 and T7 polymerases, respectively, and a
plasmid containing rat IL-6 cDNA25 as a template.
Cryostat sections (5 mm) were immediatelly fixed
with 4% paraformaldehyde diluted in PBS. To
inactivate endogenous RNases, slides were treated
with 0.1% diethyl pyrocarbonate/PBS solution.
Sections were prehybridized with hybridization
solution (50% formaldehyde, 1mM dithiothreitol,
5� SSC, 500ng/ml yeast tRNA, 10% dextran
sulfate) for 2 h at 501C followed by overnight
hybridization with the hybridization solution con-
taining labeled antisense or sense riboprobe (500ng/
ml) at 501C. After sequential washing steps with 2�
SSC and 0.1� SSC for 15min at 501C, the slides
were treated for 30min at 371C with RNase A (10 mg/
ml) diluted in 2� SSC followed by an additional
washing step with 0.1� SSC for 15min at 501C.
Signal detection was carried out by the DIG nucleic
acid detection kit (Roche) according to the manu-
facturer’s instructions. Nuclei were counterstained

with methyl green solution before the slides were
mounted with coverslips.

Statistical Analysis

Data are presented as means7standard error of the
mean (s.e.m.). A P-value of less than 0.05 (Student’s
t-test) was considered significant. Only statisti-
cally significant values of differences are indi-
cated.

Results

HO-1 Distribution in the Livers of Untreated and
TO-Treated Rats

To ensure that the intramuscular TO injection used
for the APR induction did not cause liver damage,
hematoxylin/eosin staining was performed. The
staining did not reveal any morphological difference
between the livers of control and TO-treated rats
(data not shown).

Cell type-specific expression of HO-1 in the livers
obtained from control and TO-treated rats was
assessed by immunohistochemical analysis of
sequential cryostat sections. Under physiological
conditions, the expression of HO-1 immunoreactive
protein was mainly attributed to Kupffer cells, as
verified by the application of an antibody against
the rat ED2, a well-known specific marker of
resident liver macrophages (Kupffer cells), whereas
liver parenchymal cells were HO-1 negative (Figure
1a, c, d). However, during the TO-induced inflam-
matory response, a prominent induction of HO-1
immunoreactivity was observed in the liver par-
enchyma, whereas no significant increase in the
intensity and number of the HO-1-positive Kupffer
cells was visible (Figure 1b). The negative controls
demonstrated specificity of the immunohistological
analysis performed (Figure 1e, f).

These data suggest that under control conditions
hepatic HO-1 is mainly expressed in Kupffer cells,
whereas during TO-induced APR HO-1 expression
is also induced in hepatocytes.

HO-1 Distribution in Injured Muscle during
TO-Induced Acute Phase Reaction

Cell type-specific expression of HO-1 in normal and
injured muscle from TO-treated rats was assessed
by immunohistochemical analysis of sequential
cryostat sections. Normal muscular tissue did
not demonstrate any HO-1 positivity (Figure 2a).
However, under inflammatory conditions HO-1
immunoreactive protein appeared in some small,
elongated, irregularly shaped cells infiltrating in-
jured muscle, whereas muscle fibers were HO-1
negative (Figure 2b). Interestingly, the muscle tissue
adjacent to the necrotic areas remained intact and
did not show any positive reaction with anti-HO-1
antibody (data not shown).
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Figure 1 Immunohistochemical analysis of the livers from control and TO-treated rats. Sequential cryostat sections (5mm) of control rat
liver (a, c, e) or liver excised from the rat 12h after TO administration (b, d, f) were stained with monoclonal antibodies against rat HO-1
(a, b) or ED2 (c, d) as described in Materials and methods. Horseradish peroxidase-linked anti-mouse immunoglobulin was applied as a
secondary antibody. The positive cells are brown colored. Nuclei are counterstained in blue. The panels e and f represent negative
controls obtained by substitution of primary antibody with normal mouse serum, black arrows indicate central veins, white arrow—
periportal field. Original magnification � 100.
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Application of an antibody against the macro-
phage-specific marker ED1 using respective sub-
sequent sections (Figure 2d) demonstrated colocali-
zation of HO-1 and ED1. Notably, no ED1 positive

cells were observed in normal muscular tissue
(Figure 2c). These data suggest that HO-1 expression
is most likely attributed to macrophages recruited to
muscular tissue during inflammation.

Figure 2 Immunohistochemical analysis and in situ hybridization of normal and injured muscular tissue from rat hind limb. Sequential
cryostat sections (5 mm) of normal (a, c) or injured (6h after TO administration) rat muscle (b, d) were stained with monoclonal antibodies
against rat HO-1 (a, b) or ED1 (c, d) as described in Materials and methods. Horseradish peroxidase-linked anti-mouse immunoglobulin
was applied as a secondary antibody. The positive cells are brown colored. Nuclei are counterstained in blue. Original magnification
� 250. After paraformaldehyde fixation and inactivation of endogenous RNases, cryostat sections of normal (e) or injured (6 h after TO
administration) rat muscle (f) were subjected to in situ hybridization with digoxigenin-labeled IL-6-specific antisense riboprobe as
described in Materials and methods. Hybridization with the sense riboprobe was performed in parallel and served as negative control
(data not shown). The positive cells are dark-blue colored. Nuclei are counterstained in light-green. Black arrows indicate the cells
infiltrating the injured muscle and demonstrating strong positivity for IL-6-specific transcripts. Original magnification � 250.
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Expression of IL-6 mRNA Occurred Only in Muscle
during TO-Induced Acute Phase Reaction

IL-6 is known as a key cytokine released during TO-
induced APR in the rat.36 In order to determine the
source of IL-6 under the experimental conditions,
Northern blot analysis of total RNA prepared from
skeletal muscle, liver, lung, heart, kidney, spleen,
small and large intestine, at various time points after
injection of TO, was performed. Total cellular RNA
(10 mg) isolated from rat Kupffer cells treated with
LPS (500 ng/ml) was processed in parallel and
served as a positive control for IL-6-specific tran-
scripts.37 The 1.2 and 2.4 kb IL-6-specific transcripts
were detectable only in the injured skeletal muscle
from 2 to 12h after TO injection with maximal levels
between 4 and 6h (Figure 3). In accordance with
these results, ISH data demonstrate that in the
injured muscle, inflammatory cells infiltrating mus-
cular tissue were the major source of IL-6 transcripts
(Figure 2f). In contrast, ISH did not reveal any
significant IL-6 mRNA expression in skeletal muscle
obtained from control animals (Figure 2e) as well as
in the muscle tissue adjacent to the TO-injected

areas (data not shown). Other rat tissues were IL-6
negative as demonstrated by Northern blot analysis
suggesting that only injured muscle is the source of
IL-6 during TO-induced APR.

Serum IL-6 Levels in Rat during TO-Induced Acute
Phase Reaction

To elucidate the possible relationship between
hepatic HO-1 induction and IL-6 mRNA expression
in the injured muscle, circulating IL-6 levels in
TO-treated rats were measured by rat IL-6-specific
ELISA. Serum IL-6 concentrations were markedly
elevated during TO-induced APR with maximal
values 1725.7857310.985 and 1277.9137383.983
pg/ml at 6 and 12h after injection, respectively.
This corresponds to about 115- and 85-fold increase
compared with control levels (Figure 4). It should be
noted that serum IL-6 levels were already elevated
2h after TO administration with an about six-fold
increase compared with the controls. Serum IL-6
levels in TO-treated rats correlated well with IL-6
gene expression in the injured muscle confirming
that inflamed muscle seems to be the only source of
IL-6 in the model under study.

Expression of Hepatic HO-1 mRNA and Protein during
TO-Induced Acute Phase Reaction

Liver specimens were collected from the control and
treated animals at the time points ranging from 0.5
to 48h and subjected to RNA and protein extraction.
As revealed by Northern blot analysis, HO-1 mRNA
levels were substantially increased 4–6h after TO
administration with a maximum at 6 h (Figure 5a).
Since a2-macroglobulin is a well-known positive,
and albumin a negative, acute phase protein in

Figure 3 Time course of IL-6 mRNA expression in various rat
tissues after TO administration. APR in the rat was induced by TO
injection, and total RNA from skeletal muscle, liver, lung, heart,
kidney, spleen, small and large intestine was extracted at the
indicated time points as described in Materials and methods. In
all, 10mg of total RNA from these tissues was subjected to
Northern blot analysis and hybridized with [32P]-labeled cDNA
specific for IL-6. An oligonucleotide complementary to 28S rRNA
was used to ensure equal loading of RNA (data not shown). Total
cellular RNA (10mg) isolated from rat Kupffer cells treated with
LPS (500ng/ml) was processed in parallel and served as a positive
control for IL-6-specific transcripts.

Figure 4 Enhanced serum IL-6 levels in rats after TO adminis-
tration. APR in the rat was induced by TO injection, and blood
was collected at the indicated time points after injection as
described in Materials and methods. Serum IL-6 concentrations
were measured by ELISA. The results are presented as mean7
s.e.m. (n¼ 3).
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rats,38 hybridizations with a2-macroglobulin- and
albumin-specific cDNAs were performed to ensure
the APR induction in the treated animals. The a2-
macroglobulin mRNA levels were elevated from 4 to
24h and albumin mRNA decreased reaching lowest
levels 24–36 h after TO injection (Figure 5a), which
is in accordance with published data.39

The induction of HO-1 gene expression was
followed by the enhancement of HO-1 protein
synthesis as shown by Western blot analysis. HO-1
protein levels started to increase after 4 h and
remained elevated up to 48h after TO administra-
tion (Figure 5b) indicating that in rat liver the
lifetime of the HO-1 protein under inflammatory
conditions seems to be considerably longer than that
of the HO-1 mRNA.

Expression of HO-1 mRNA in Extrahepatic Rat Tissues
during TO-Induced Acute Phase Reaction

To determine whether HO-1 induction is a liver-
specific response to localized inflammation or it

could also occur in other rat tissues under the given
experimental conditions, Northern blot analysis of
total RNA obtained from skeletal muscle, lung,
heart, kidney, spleen, small and large intestine at
various time points after injection of TO was
performed using radiolabeled HO-1 cDNA as a
probe. A strong induction of HO-1 mRNA was
observed in the skeletal muscle from the site of
injection where the APR was initiated by local
inflammation. The HO-1-specific transcripts ap-
peared already at 2h, reached maximal levels by
4–6h after TO injection and then slowly decreased
(Figure 6). We have also found out that in the heart,
kidney and large intestine, slight induction of HO-1
mRNAwas observed 6h after TO injection. Notably,
the spleen showed relatively high basal levels of
HO-1 gene expression, which is most likely attrib-
uted to resident macrophages highly abundant in
this organ (Figure 6).

Discussion

The present study has demonstrated that during the
acute phase reaction induced by TO injection in
rats, HO-1 expression is substantially upregulated
only in the liver, the organ mostly responsible for
the APR, and in the injured muscle, the site of
localized inflammation. The significant induction of
HO-1 in the liver was attributed to hepatocytes,

Figure 5 Time course of hepatic HO-1 mRNA and protein
expression after TO administration. APR in the rat was induced
by TO injection, liver specimens were subsequently removed at
the indicated time points and homogenized for protein and RNA
extraction as described in Materials and methods. (a) Total RNA
(10mg) from the livers of control and TO-treated rats was
subjected to Northern blot analysis and sequentially hybridized
with [32P]-labeled cDNAs specific for HO-1, a2-macroglobulin (a2-
M), albumin and GAPDH (used as an internal loading control).
The sizes of the transcripts (in kilobases, kb) are indicated on the
left. A representative of four independent experiments is shown.
(b) Proteins from the livers of control and TO-treated rats were
size-fractionated by electrophoresis, transferred to nitrocellulose
membrane and probed with a rabbit polyclonal antiserum against
HO-1 as described in Materials and methods. Mouse monoclonal
antibody against b-actin was used to ensure equal loading of
proteins.

Figure 6 Time course of HO-1 mRNA expression in extrahepatic
rat tissues after TO administration. APR in the rat was induced by
TO injection, and total RNA from skeletal muscle, lung, heart,
kidney, spleen, small and large intestine was extracted at the
indicated time points as described in Materials and methods.
Total RNA (10mg) from these tissues was subjected to Northern
blot analysis and hybridized with [32P]-labeled cDNA specific for
HO-1. An oligonucleotide complementary to 28S rRNAwas used
to ensure equal loading of RNA (data not shown).
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whereas macrophages represented the major source
of HO-1 in the injured muscle. Under inflammatory
conditions, muscular tissue at the site of TO
injection was the only source of IL-6, the principal
mediator of the APR in rats. The upregulation of IL-6
mRNA expression was accompanied by elevated
serum IL-6 levels and HO-1 induction in the liver
suggesting that during TO-induced APR, IL-6 de-
rived from the injured muscle is responsible for the
HO-1 induction in hepatocytes.

Regulation of HO-1 Expression in TO Model of the
APR in Rats

In the current study, TO injection in rats was used as
a model system to investigate HO-1 regulation
during the APR. The results obtained demonstrate
that HO-1 mRNA expression was dramatically
increased in the liver by 4–6h after TO administra-
tion with a peak at 6h (Figure 5a). Previously,
hepatic HO-1 mRNA expression in a TO model was
studied by Lyoumi and colleagues22,40 along with an
LPS-induced model of the APR. Using reverse
transcription-polymerase chain reaction, they also
have shown that in the liver HO-1-specific tran-
scripts were maximally elevated 6h after TO
administration; no information, however, was pro-
vided about the protein. In the present study, we did
not only investigate HO-1 mRNA expression but
also HO-1 protein levels, and we have demonstrated
that HO-1 protein was markedly upregulated after
6 h and reached maximal levels 24h after TO
injection (Figure 5b).

To find out whether the induction of HO-1 during
inflammation is a liver-specific direct consequence
of the APR, in the current study, in addition to the
liver, HO-1 expression in extrahepatic sites during
TO-induced APR was investigated for the first time.
Besides the liver, which is the organ mostly
responsible for the APR, the most prominent HO-1
mRNA induction occurred in skeletal muscle, where
the APR was initiated by TO injection (Figure 6). In
the other internal organs investigated, only moder-
ate changes in HO-1 expression were observed
(Figure 6).

It should be noted that despite the similarities in
general signs and symptoms, different in vivo
models of the APR are characterized by divergent
patterns of mediators and plasma proteins released
during inflammation.20,41 For instance, an LPS
model is characterized by rapid circulatory increase
of major proinflammatory cytokines (IL-6, IL-1b and
TNF-a) leading to systemic inflammation.42–44 The
variety of mediators in this model makes it difficult
to define the role of individual cytokines in the
induction of HO-1 in the liver. In this regard, the
TO-induced model of the APR is of particular
interest because it is accompanied by an increase
of circulating IL-6 levels, whereas plasma IL-1b and
TNF-a levels remain undetectable.36

Expression of IL-6 after TO Administration and Its
Possible Role in HO-1 Induction in the Liver

Since IL-6 is the principal mediator of the APR in
the liver,45 we hypothesized that also TO-dependent
hepatic HO-1 induction was mediated mainly by
IL-6. An increased secretion of IL-6 into the blood-
stream in TO model has been reported before.36

Furthermore, it has also been shown that IL-6-
deficient mice were unable to maintain a normal
inflammatory response to localized tissue damage
generated by TO injection.41 In agreement with these
findings, we have demonstrated that serum IL-6
concentrations were markedly elevated after TO
injection (Figure 4).

To find the source of IL-6 released during TO-
induced APR, we studied IL-6 mRNA expression in
various rat tissues. Our data have clearly shown that
during TO-induced APR, injured skeletal muscle
was the only organ where induction of IL-6 expres-
sion was observed (Figure 3), and as demonstrated
by ISH, inflammatory cells appear to be the major
source of IL-6 in the injured muscle (Figure 2f).
Furthermore, temporal expression of IL-6 in the
muscle correlated well with circulatory IL-6 levels.
Remarkably, IL-6-specific transcripts appeared in
the skeletal muscle 2 h after TO injection, whereas
induction of HO-1 mRNA expression in the liver
was observed 4–6h after TO administration. More-
over, our preliminary in vitro experiments demon-
strated significant induction of HO-1 mRNA and
protein levels in primary cultured rat hepatocytes
after IL-6 treatment (data not shown). Taken
together, these data suggest that induction of HO-1
expression in the liver during the APR is a
consequence of the induced IL-6 expression at the
site of inflammation followed by the increased
serum IL-6 levels.

Interestingly, the serum IL-6 levels were still high
12h after TO injection (Figure 4), while HO-1 mRNA
levels in the liver were already decreased (Figure
5a). However, it is well known that IL-6 induces
downregulation of its cognate receptor, IL-6R,
in vitro.46 Moreover, it has also been demonstrated
that IL-6R mRNA expression in rat liver markedly
decreased by 6–12h after TO administration.47

Therefore, it is likely that the dramatic increase of
IL-6 levels observed in the TO-induced APR model
subsequently leads to downregulation of the IL-6R,
thus abolishing the action of IL-6 in the liver by a
negative feedback mechanism.

Cell-Type Specificity of HO-1 Induction and Its
Possible Role in TO-Induced APR

To identify cell types responsible for the TO-
induced HO-1 expression in the injured muscle
and in the liver, immunohistochemical analysis was
performed. It has been demonstrated that within the
injured skeletal muscle, synthesis of HO-1 occurred
mainly in the cells positive for ED1, a known marker
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of monocytes and macrophages, whereas muscle
fibers were HO-1 negative (Figure 2b, d). These
findings are consistent with the data obtained by
Kampfer and colleagues, who have demonstrated
that infiltrated macrophages are the major source of
HO-1 at the wound site in the mouse excisional
model of skin repair. The authors assumed involve-
ment of HO-1 in the regulation of macrophage-
derived cytokine release.48 Indeed, numerous recent
observations point to a potential role of HO-1 in the
downregulation of proinflammatory cytokine ex-
pression at the site of inflammation in various
model systems.49–53 It has also been shown that
HO-1 might provide an anti-inflammatory action
in vivo through the downmodulation of cell adhe-
sion molecules accompanied by inhibition of leu-
kocyte infiltration,54–56 and via promotion of
noninflammatory angiogenesis facilitating tissue
repair.56 Moreover, an increased leukocyte adhesion
to the vascular wall and spontaneous perivascular
infiltration of leukocytes in various tissues of HO-1-
deficient mice has been reported before.57

Although hepatic HO-1 production under physio-
logical, and some pathological, conditions is as-
cribed mainly to Kupffer cells, the resident liver
tissue macrophages,58–61 there is evidence that HO-1
can also be upregulated under certain conditions in
hepatocytes as it has been shown in vivo by several
groups.58,62–64 Immunohistochemical analysis of
normal rat liver carried out in the present study
revealed that expression of HO-1 was attributed
predominantly to Kupffer cells (Figure 1a, c), which
is in agreement with the observations of other
groups.58,59 However, the induction of HO-1 immu-
noreactivity in the liver parenchyma after TO
administration has been shown for the first time
(Figure 1b). This suggests that during the inflamma-
tory response to localized tissue injury, hepatocytes
are a significant source of increased HO-1 mRNA
and protein expression levels observed in the livers
of TO-treated rats (Figure 5).

The data regarding muscle- and liver-specific
HO-1 induction in the TO model of the APR might
be of physiological importance, since the products
of HO-1 reaction have been shown to be involved in
a wide range of cytoprotective and anti-inflamma-
tory mechanisms. Carbon monoxide (CO) regulates
blood vessel tone,65 prevents platelet activation and
aggregation,66 suppresses production of proinflam-
matory cytokines and contributes to interleukin-10
upregulation in macrophages both in vitro and
in vivo.67 Moreover, CO mediates the anti-inflam-
matory effects of interleukin-10.68 It has also been
reported that CO prevents apoptosis in several cell
types, including endothelial cells, fibroblasts and
hepatocytes.18 Biliverdin and bilirubin are potent
antioxidants and may protect cells from oxidative
injury by scavenging reactive oxygen species.69

Biliverdin has also been shown to inhibit human
complement system in vitro.70 Bilirubin had a
protective effect on the transplanted liver grafts via

inhibition of lipid peroxidation in hepatocytes.71

Although reduced iron (Fe2þ ) released by HO-1
from the core of the heme molecule is a potent pro-
oxidant, the potential catalysis of oxidative reac-
tions by this compound is limited through its
chelation by iron-sequestering protein ferritin as
well as via its active removal from the cell by the
specific Fe-ATPase pump.72 Moreover, ferritin pro-
duction and biological activity of Fe-ATPase pump
are potentiated by increased free iron in the
intracellular pool due to enhanced HO-1 expres-
sion.73,74

In summary, our data demonstrate that in rats,
during a localized inflammation, the expression of
HO-1 is rapidly and strongly induced in macro-
phages of the injured muscle and in liver parench-
yma. IL-6 derived from inflammatory cells at the
injured muscle seems to be responsible for the HO-1
induction in the liver but not in the other internal
organs during the TO-induced APR. In this regard,
HO-1 might be referred to as an early intracellular
acute phase protein. Taken together, these data point
to an important role of HO-1 in cytoprotection of
hepatocytes, which might become damaged during
their intensive function under inflammatory condi-
tions. Furthermore, at the site of local injury,
upregulation of HO-1 in macrophages can partici-
pate in the resolution of inflammation.
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