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Intravascular hemolysis results in the release of mas-
sive amounts of hemoglobin and heme into plasma,
where they are rapidly bound by haptoglobin and
hemopexin, respectively. Data from haptoglobin and
hemopexin knockout mice have shown that both pro-
teins protect from renal damage after phenylhydr-
azine-induced hemolysis, whereas double-mutant
mice were especially prone to liver damage. However,
the specific role of hemopexin remains elusive be-
cause of the difficulty in discriminating between he-
moglobin and heme recovery. To study the specific
role of hemopexin in intravascular hemolysis, we
established a mouse model of heme overload. Under
these conditions, both endothelial activation and vas-
cular permeability were significantly higher in he-
mopexin-null mice compared with wild-type con-
trols. Vascular permeability was particularly altered
in the liver, where congestion in the centrolobular
area was believed to be associated with oxidative
stress and inflammation. Liver damage in hemopexin-
null mice may be prevented by induction of heme
oxygenase-1 before heme overload. Furthermore,
heme-treated hemopexin-null mice exhibited hyper-
bilirubinemia, prolonged heme oxygenase-1 expression,
excessive heme metabolism, and lack of H-ferritin
induction in the liver compared with heme-treated
wild-type controls. Moreover, these mutant mice me-
tabolize an excess of heme in the kidney. These stud-
ies highlight the importance of hemopexin in heme
detoxification, thus suggesting that drugs mimicking
hemopexin activity might be useful to prevent endo-
thelial damage in patients suffering from hemolytic
disorders. (Am J Pathol 2008, 173:289–299; DOI:
10.2353/ajpath.2008.071130)

Heme (ferrous protoporphyrin-IX) is the most important
iron complex in the body because it is responsible for

oxygen and electron transfer. However, free heme is
highly toxic because it catalyzes free radical reaction,
thus promoting oxidative damage.1,2 Excess of heme
occurs in many pathological conditions associated to
intravascular hemolysis such as hemoglobinopathies,
paroxysmal nocturnal hemoglobinuria, trauma, and bac-
terial infections. Because of enhanced rates of red blood
cell hemolysis, the endothelium of these patients is ex-
posed to higher levels of reactive oxygen species cata-
lyzed by plasma hemoglobin, heme, and free iron. Oxi-
dative stress induces the expression of adhesion
molecules on endothelial cells, which results in the bind-
ing of leukocytes.3 Moreover, hemoglobin released from
damaged cells reduces nitric oxide bioavailability, thus
promoting vasoconstriction and impairing downstream
homeostatic vascular functions of nitric oxide, such as
inhibition of platelet activation and aggregation and tran-
scriptional repression of the cell adhesion molecules.4

Oxidative stress, endothelial cell activation, and inflam-
mation are the main factors responsible for vaso-occlu-
sions that frequently occur in hemolytic disorders.5,6

The organism defends itself against reactive heme
released during hemolysis by inducing haptoglobin and
hemopexin (Hx), the plasma scavengers of hemoglobin
and heme, respectively.7,8 Moreover, the vasculature
and organs up-regulate the expression of two cytopro-
tective genes, heme oxygenase (HO)-1 and ferritins.
HO-1 is the rate-limiting enzyme in the catabolism of
heme. It breaks down the porphyrin ring to yield equal
molar amounts of biliverdin, free iron, and carbon mon-
oxide. The induction of HO-1 is accompanied by the
induction of apoferritin that inhibits iron-mediated oxida-
tive damage by binding nonreactive Fe3�.1,9

Induction of HO-1 has been shown to protect tissues
and cells against ischemia/reperfusion injury, oxidative
stress, inflammation, transplant rejection, apoptosis, and
cell proliferation.10–12 Conversely, humans and mice de-
ficient in HO-1 are especially prone to oxidant-mediated
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injury.13–15 Recently, Belcher and co-workers16 demon-
strated that HO-1 induction in a mouse model of sickle
cell disease prevented vascular stasis.

On the other hand, little is known on the protective
roles of plasma scavengers of heme and hemoproteins.
After massive hemolysis both haptoglobin and Hx syn-
thesis are induced, but the proteins rapidly disappear
from the bloodstream because of the accelerated uptake
of the hemoglobin-haptoglobin and heme-Hx complexes,
respectively. Previous works have shown that, after phe-
nylhydrazine-induced hemolysis, haptoglobin-null mice
as well as Hx-null mice suffered from severe renal dam-
age, whereas double-mutant mice were especially prone
to develop liver damage.17–19 However, the phenylhydr-
azine model did not allow to study in detail the role of Hx
because it resulted in a massive release of hemoglobin,
thus making it difficult to discriminate between hemoglo-
bin and heme recovery. Here, we established a model of
heme overload in mice that reproduces what occurs in
human hemolytic disorders when free hemoglobin over-
comes the binding capacity of haptoglobin and, conse-
quently, is degraded into the bloodstream, thus increas-
ing free heme. Our results show that lack of Hx promotes
endothelial activation and enhances vascular permeabil-
ity. The liver is the most susceptible organ to heme over-
load when Hx is lacking because it develops congestion
in the centrolobular area associated with inflammation
and oxidative stress. We also show that Hx is necessary
to mediate heme-iron recovery into hepatocytes, whereas
its lack results in heme-iron recovery in Kupffer cells and
proximal tubular cells of the kidney.

Materials and Methods

Mice and Treatments

Hx-null mice, on a 129Sv genetic background, were pre-
viously generated in our laboratory.19 The mice used in
these studies were 8 to 12 weeks old. All of the mice were
maintained on a standard chow diet. Hemin (Sigma-Al-
drich, Milano, Italy) was dissolved in 0.1 N of NaOH and
diluted in phosphate-buffered saline (PBS) at a final con-
centration of 20 mmol/L. pH was adjusted at 7.4 with 0.1
N of HCl. Freshly prepared hemin was injected into the
tail vein of mice at a dose of 70 �mol/kg (high dose) or of
35 �mol/kg (low dose). Control mice were injected with
PBS. Mice were sacrificed at different times after hemin
injection. Hemin preconditioning was performed by in-
jecting mice intraperitoneally with hemin at a dose of 40
�mol/kg/day for 3 days. One day after preconditioning,
the high dose of hemin was injected into the tail vein and
mice sacrificed 6 hours later. All experiments were ap-
proved by the animal studies committee of the University
of Torino (Torino, Italy).

Western Blotting

Tissue extracts were prepared in 1% Triton X-100 in
Tris-buffered saline plus protease inhibitors (Roche Diag-
nostics Corp., Milano, Italy). Protein concentration was

determined using the Bio-Rad protein assay system (Bio-
Rad, München, Germany). Plasma was collected from
the tail vein. One �l of plasma or 50 �g of total protein
extracts were separated on 10 to 12% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and analyzed
by Western blotting using antibodies against Hx (mAb
3D6/E12 produced in our laboratory), low-density
lipoprotein receptor-related protein (LRP),20 HO-1 (Stressgen,
Victoria, Canada), intercellular adhesion molecule (ICAM)-1
(Stemcell Technologies Inc., Vancouver, Canada), vascular
cell adhesion molecule (VCAM)-1 (Santa Cruz Biotechnology
Inc., Santa Cruz, CA), L- and H-Ferritin (Ft),21 actin (Santa Cruz
Biotechnology Inc.), vinculin (Sigma-Aldrich).

In Vivo Permeability Assay

A 0.5% solution of Evans blue dye (Sigma-Aldrich) was
injected into the tail vein of mice at a dose of 20 mg/kg.
One hour after dye injection, mice were anesthetized with
Avertin (2,2,2-tribromoethanol; Sigma-Aldrich), transcar-
dially perfused with PBS, and organs quickly harvested.
Evans blue dye was then extracted from tissues by for-
mamide (4 ml/g tissue) at 37°C for 24 hours. After mea-
surement of optical density at 620 to 740 nm in a spec-
trophotometer, the concentration of Evans blue dye (ng/
mg) was calculated based on a standard curve of known
amounts of Evans blue dye.

Histology and Immunohistochemistry

Animals were anesthetized with Avertin (Sigma-Aldrich)
at a dose of 2 mg/kg body weight and transcardially
perfused with PBS. Tissues were collected, fixed in 10%
formalin in PBS overnight at room temperature, and em-
bedded in paraffin. Microtome sections, 7 to 10 �m thick,
were stained with hematoxylin and eosin (H&E). For im-
munohistochemistry, tissue sections were analyzed with
the following antibodies: rabbit antibody to HO-1 (Stress-
gen), rat monoclonal antibody to CD18 antigen (BMA
Biomedicals AG, Augst, Switzerland), rat monoclonal an-
tibody to F4/80 antigen (Serotec, Oxford, UK). The follow-
ing secondary antibodies were used: biotinylated swine
anti-rabbit IgG and biotinylated rabbit anti-rat IgG
(DakoCytomation, Milano, Italy). Immunoreactivity was
detected with the StreptABComplex/HRP system (DakoCy-
tomation) and developed with diaminobenzidine (Roche
Diagnostics Corp.). Liver cells counts were made on a
microscope at �20 or �40 magnification using an image
analyzer (Image Pro Plus 4.0; Media Cybernetics, Be-
thesda, MD). Positive cells were counted on four randomly
chosen fields within an area of 7 � 10�2 mm2 per section.
At least four animals for each experimental point were
counted.

Organ Heme Content

The heme content of livers, kidneys, and lungs was mea-
sured in organ homogenates by the pyridine-hemo-
chrome method as previously described.22 Data were
expressed as �g heme/�g DNA.
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Serum Bilirubin Measurement

Blood was collected from anesthetized mice by retro-
orbital bleeding. Total serum bilirubin was measured
colorimetrically using the QuantiChrom bilirubin assay kit
DIBR-180 from BioAssay Systems (Hayward, CA), ac-
cording to the manufacturer’s instructions. Serum biliru-
bin concentrations were expressed as mg/dl.

Lipid Peroxidation Assay

Lipid peroxidation from tissue extracts was measured
using the colorimetric assay kit Bioxytech LPO-586 from
Oxis International (Portland, OR) according to the manu-
facturer’s instructions. Briefly, tissue samples were ho-
mogenized (20% w/v) in ice-cold 20 mmol/L phosphate
buffer (pH 7.4) containing 5 mmol/L butylated hydroxy-
toluene and protein content was determined using the
Bio-Rad protein assay system. A 200-�l quantity of sam-
ple was assayed for malonaldehyde (MDA) content in
hydrochloride using the chromogenic reagent N-methyl-
2-phenylindole. Absorbance was measured at 586 nm
and the results were expressed as pmol MDA per mg of
protein.

Statistical Analysis

Results were expressed as mean � SD or mean � SEM.
Statistical analyses were performed using one-way anal-
ysis of variance followed by the Bonferroni correction for
multiple group comparisons. An unpaired Student’s t-test
was used when only two groups were compared (see
data shown in Figure 4B, below). A P value of less than
0.05 was considered significant.

Results

Establishment of an in Vivo Model of
Heme Overload

To study the protective role of Hx under pathological
conditions associated with the massive release of heme
into the bloodstream, we generated an in vivo model of
heme overload in mice by injecting hemin into the tail vein
at a dose of 70 �mol/kg (high dose) or of 35 �mol/kg (low
dose). Both doses caused a strong reduction of plasma
Hx level in wild-type mice at 6 hours after injection (not
shown), thus indicating that Hx is involved in heme de-
toxification. The residual amount of Hx still detectable 6
hours after treatment in the plasma of wild-type mice
indicated that the hemin doses used in our experiments
did not fully saturate Hx. The analysis of LRP, known as
the Hx receptor,20 in liver extracts did not show alter-
ations in LRP expression levels after heme overload in
wild-type and in Hx-null mice (not shown). Hx-null and
wild-type mice were injected with the high dose of hemin
and analyzed 6 hours after the treatment. Control mice
were injected with PBS. In some experiments the low

dose of hemin was used and mice sacrificed 6 or 24
hours after the treatment.

Increased Endothelial Activation and Vascular
Permeability in Hx-Null Mice after Heme Overload

To assess vascular activation after heme treatment, we
analyzed the expression of HO-1 and ICAM-1 in extracts
of aorta from wild-type and Hx-null mice 6 hours after
hemin injection. HO-1 and ICAM-1 were undetectable
under basal conditions and strongly induced by hemin in
both Hx-null and control mice. Both HO-1 and ICAM-1
induction were significantly higher in Hx-null aorta than in
wild-type counterpart (Figure 1A). To further investigate
the state of endothelial activation in the vasculature, we
analyzed the expression of VCAM-1 in liver extracts. As
shown in Figure 1B, VCAM-1 was slightly, but signifi-
cantly induced 6 hours after hemin injection in the liver of
Hx-null mice, but not in that of wild-type animals.

Vascular permeability was analyzed by Evans blue dye
diffusion assay. To determine whether heme treatment
altered vascular permeability, we injected mice with he-
min and, 5 hours later, with Evans blue dye into the tail
vein. Animals were sacrificed 1 hour after Evans blue
treatment and dye content in liver, kidney, and lung was
determined. Compared with PBS mock treatment, injec-
tion with hemin significantly increased the accumulation
of dye in the liver of Hx-null mice by approximately three-
fold, but not in that of wild-type controls. Vascular per-
meability was weakly, but significantly increased in the
kidney of heme-treated, wild-type mice and strongly aug-
mented in the corresponding organ of Hx-null animals. In
the lung, hemin injection caused a comparable increase
in vascular permeability in both wild-type and Hx-null
mice (Figure 1C).

Increased Oxidative Stress in Hx-Null Mice after
Heme Overload

Because heme is a strong pro-oxidant agent, we mea-
sured MDA tissue level as an index of lipid peroxidation
consequent to an oxidative damage. This analysis was
performed on liver and kidney that had shown an altered
permeability after heme overload in Hx-null mice com-
pared with wild-type animals. Liver and kidney MDA lev-
els were comparable in Hx-null and wild-type mice under
basal conditions. Hemin injection caused a significant
increase in MDA levels in Hx-null livers and kidneys (Fig-
ure 2, A and B), but not in wild-type organs.

Liver Congestion in Hx-Null Mice after Heme
Overload

Data reported in the previous paragraphs showed alter-
ations in vascular permeability and oxidative injury after
heme overload in liver and kidney of Hx-null mice. To
evaluate if these alterations resulted in tissue abnormal-
ities, we analyzed organ histopathology. The kidney of
hemin-treated Hx-null animals showed no obvious abnor-
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malities (not shown). In the liver of Hx-null mice we ob-
served red blood cell congestion in sinusoids around the
centrolobular vein (Figure 3). The red blood cell conges-
tion was estimated by measurement of organ heme con-
tent by the pyridine-hemochrome method. The livers of
hemin-treated Hx-null mice had approximately sevenfold
more heme than those of normal mice. On the other hand,
heme content in other organs, such as kidney, lung, and
skeletal muscle, did not significantly change after hemin
injection both in Hx-null and wild-type mice (Table 1).
Congested livers were characterized by areas of cell
necrosis and inflammation. The latter was estimated by

counting CD18-positive infiltrating cells in the liver of
Hx-deficient and wild-type mice. We observed a twofold
increase in the number of CD18-positive cells in the liver
of hemin-treated Hx-null mice compared with the liver of
hemin-treated wild-type animals (Figure 4, A and B).

Altered HO-1 Induction in Hx-Null Mice after
Heme Overload

Because heme is a strong inducer of HO-1, we mea-
sured serum bilirubin level as an index of HO activity.

Figure 1. Endothelial activation and vascular permeability after heme overload. A: Western blotting analysis of HO-1 (left) and ICAM-1 (right) expression on
extracts of aortas from wild-type and Hx-null mice untreated (�) or treated with the high dose of hemin for 6 hours (�). B: Western blotting analysis of VCAM-1
expression on liver extracts from wild-type and Hx-null mice untreated (�) or treated with the high dose of hemin for 6 hours (�). In A and B a representative
experiment for each protein is shown. Band intensities were measured by densitometry and normalized to actin or vinculin expression. Densitometry data
represent mean � SEM; n � 3 for each genotype. *P � 0.05; **P � 0.01. Results shown are representative of three independent experiments; in each experiment
at least three mice per genotype were analyzed. C: Evans blue dye content of liver, kidney, and lung of wild-type and Hx-null mice untreated (�) or treated with
the high dose of hemin (�) for 6 hours. Data represent mean � SEM; n � 6 for each group. *P � 0.05; **P � 0.01; ***P � 0.0001.
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Hemin injection caused an increase in serum bilirubin
both in Hx-null and wild-type mice. However, the in-
crease resulted much greater in Hx-null mice than
in wild-type controls (Table 2). Then, we analyzed
HO-1 expression by immunohistochemistry. In kidney,
hemin treatment induced a strong expression of HO-1
in Hx-null mice, but only a weak expression in wild-type
animals. HO-1 was mainly induced in proximal tubular
cells (Figure 5A). HO-1 was also strongly induced in
the liver of both Hx-null and wild-type mice. HO-1-
positive cells present irregular shape and dendritic
extensions. Comparison of consecutive liver sections
stained with an antibody to the macrophage marker
F4/80 and an antibody to HO-1, respectively, demon-
strated that HO-1 was induced in Kupffer cells in both
Hx-null and wild-type mice (Figure 5B, vii to x). To
assess if Hx-null and wild-type mice differed in HO-1
expression, we quantified HO-1 induction by counting
immunoreactive cells on liver sections. The number of
HO-1-positive cells increased in the liver of Hx-null and
wild-type mice by 2 hours after hemin injection and
peaked at 4 hours with no significant differences be-
tween mice of the two genotypes. By 6 hours after
heme overload, the number of HO-1-positive cells de-
creased in wild-type mice but remained high in Hx-null
mice (Figure 5, B and C). The same results were ob-
tained with the low dose of hemin. Again, the number of
HO-1-positive cells was higher in Hx-null liver than in
wild-type controls at both 6 and 24 hours after hemin
injection (not shown).

Differential Regulation of Ferritins in Hx-Null
Mice after Heme Overload

Because heme catabolism results in the release of iron
ions, we analyzed ferritin expression on tissue extracts.
Ferritins are ubiquitous and highly conserved iron-bind-
ing proteins, consisting of two subunits, termed L-Ferritin
(L-Ft) and H-Ferritin (H-Ft). H-Ft has a ferroxidase activity
needed for sequestering iron. Twenty-four Ft subunits
assemble to form the apo-Ft shell that can sequester up
to �4500 iron atoms. The H:L ratio is not fixed, but is
rather quite plastic: it depends on the iron status of the
cell and it is modified in many inflammatory and infectious
conditions.23

Ft expression was analyzed by Western blotting. In
liver and kidney L- and H-Ft were expressed at similar
levels in Hx-null and wild-type mice under basal condi-

Figure 2. Increased lipid peroxidation in Hx-null mice after heme overload.
Lipid peroxidation, estimated as MDA levels, of liver (A) and kidney (B)
homogenates of wild-type and Hx-null mice untreated or treated with the
high dose of hemin for 6 hours. Data are expressed as the fold increase over
a control sample (an untreated wild-type mouse). Data represent mean � SD;
n � 7 for each group; *P � 0.05; **P � 0.01.

Figure 3. Liver congestion in Hx-null mice after heme overload. Liver
sections of wild-type and Hx-null mice untreated (i, ii) or treated with the
high dose of hemin for 6 hours (iii–viii), stained with H&E. Note congestion
around the centrolobular vein (arrows), but not in the periportal area
(arrowheads), only in Hx-null mouse. Scale bars: 300 �m (i–iv); 100 �m
(v–viii).
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tions. In the kidney hemin injection caused a slight, but
significant induction of L- and H-Ft only in Hx-null mice
(Figure 6A). In the liver L-Ft was weakly, but not signifi-
cantly, induced by hemin treatment in both Hx-null and
wild-type animals. On the other hand, H-Ft was strongly
induced in wild-type liver, but not significantly modulated
in Hx-null organ (Figure 6B).

Hemin Preconditioning Prevents Liver Damage
in Heme-Overloaded Hx-Null Mice

Data reported in the previous sections demonstrated that
the liver is the most compromised organ after heme over-
load in Hx-null mice. We also showed that HO-1 is in-
duced by heme overload and that induction is maintained
for a longer time in Hx-null mice than in wild-type animals.
Because HO-1 and its products have documented anti-
inflammatory properties, a key question is whether addi-
tional up-regulation of HO-1 expression can prevent liver
damage. To test this possibility, Hx-null and wild-type
mice were injected intraperitoneally with hemin at 40
�mol/kg/day for 3 days before intravenous injection of the
high dose of hemin. Hemin preconditioning for 3 days
caused a strong induction of HO-1 in the liver of both
Hx-null and wild-type mice (not shown). We evaluated
vascular permeability, oxidative damage, and liver histol-
ogy in preconditioned and hemin-treated mice compared
with hemin-treated ones. As shown in Figure 7, precon-
ditioning prevented Evans blue dye accumulation in the
liver of hemin-treated Hx-null mice (Figure 7A) as well as
MDA level increase (Figure 7B) and liver congestion (Fig-
ure 7C). These data demonstrated that preconditioning
may induce cytoprotection, thus overcoming the negative
effects because of the lack of Hx.

Discussion

These data highlight the critical importance of Hx in pre-
venting vascular inflammation and vaso-occlusion in a
murine model of heme overload. Physiologically, the vas-
cular endothelium is nonadhesive for leukocytes. How-

Table 1. Organ Heme Content

Mice

Heme content (�g heme/�g DNA)

Liver Kidney Lung Muscle

Untreated wild-type 1.52 � 0.34 2.29 � 0.54 3.69 � 0.4 2.68 � 1.13
Heme-treated wild-type 4.63 � 1.3 2.25 � 0.59 6.08 � 0.71 2.15 � 1.04
Untreated Hx-null 1.59 � 0.23 2.13 � 0.51 3.65 � 1.4 2.14 � 0.5
Heme-treated Hx-null 34.19 � 13.45* 2.28 � 0.31 5.96 � 1.48 1.26 � 0.46

The organs of untreated or heme-treated wild-type and Hx-null mice were homogenized, and the heme content was measured by the pyridine-
hemochrome method, as described in the Materials and Methods. Data represent mean � SEM; n � 5 for each group.

*P � 0.05, heme-treated versus untreated Hx-null mice, heme-treated Hx-null mice versus heme-treated wild-type animals.

Figure 4. Increased liver inflammation in Hx-null mice after heme overload.
A: Liver sections of wild-type and Hx-null mice untreated (i, ii) or treated
with the high dose of hemin for 6 hours (iii, iv), stained with an antibody to
CD18 antigen. Note the higher number of CD18-positive cells in Hx-null liver
after hemin treatment. B: Quantification of CD18-positive cells on liver
sections of wild-type and Hx-null mice. Cells were counted as reported in the
Materials and Methods. Data represent mean � SD; n � 4 for each genotype;
**P � 0.01. Scale bars � 100 �m.

Table 2. Serum Bilirubin

Mice Serum bilirubin (mg/dl)

Untreated wild-type 0.96 � 0.14
Heme-treated wild-type 3.03 � 0.53†

Untreated Hx-null 0.83 � 0.23
Heme-treated Hx-null 9.18 � 1.66*†

Serum bilirubin was measured as reported in the Materials and
Methods. Data represent mean � SEM; n � 4 for each group.

*P � 0.05: heme-treated Hx-null mice versus heme-treated wild-type
animals.

†P � 0.001: heme-treated versus untreated wild-type and Hx-null
mice.
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ever, once activated by inflammatory stimuli, endothelial
cells increase the expression of specific adhesion mole-
cules that mediate the recruitment of leukocytes.24–27

Heme has been shown to induce the expression of
ICAM-1, VCAM-1, and E-selectin on endothelial cells,
which results in the binding of blood cells to endothelial

cells.3 Moreover, infusion of heme in mice has already
been shown to increase vascular permeability and leu-
kocyte recruitment.28 These toxic effects of heme are
exacerbated in Hx-null mice, indicating that Hx has an
important protective role in plasma. Moreover, none of
the plasma proteins able to bind heme, ie, albumin, high-

Figure 5. HO-1 induction after heme overload. A: Kidney sections of wild-type and Hx-null mice untreated (i, ii) or treated with the high dose of hemin for 6
hours (iii–vi), stained with an antibody to HO-1. Note the induction of HO-1 in proximal tubular cells of Hx-null kidney after hemin injection. B: Liver sections
of wild-type and Hx-null mice untreated (i, ii) or treated with the high dose of hemin for 2 hours (iii, iv), 4 hours (v, vi), or 6 hours (vii–x), stained with an
antibody to HO-1 (i–viii) or an antibody to F4/80 (ix–x). Note the increased number of HO-1-positive cells in Hx-null liver 6 hours after hemin injection. The
last four panels show consecutive sections of wild-type (vii–ix) and Hx-null (viii–x) livers: the anti-HO-1 and anti-F4/80 antibodies stain the same cell type, ie,
Kupffer cell. C: Quantification of HO-1-positive cells on liver sections of wild-type and Hx-null mice. Cells were counted as described in the Materials and Methods.
Data represent mean � SD; n � 3 for each experimental point; **P � 0.01. Scale bars: 300 �m (A, i–iv); 100 �m [A, (v, vi) B].
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and low-density lipoproteins, �1-microglobulin,7 may
substitute for Hx after heme overload.

Oxidative stress has already been shown to induce
vascular HO-1 expression in rats, mice, and humans.29–31

Consistently, we found that hemin treatment induces
HO-1 in extracts of aorta from wild-type and Hx-null mice.
Even if HO-1 induction is significantly higher in the aorta
of Hx-null mice than in that of wild-type animals, it cannot
prevent endothelial damage. On the other hand, the in-
duction of HO-1 before heme overload preserve endo-
thelial integrity in Hx-null mice, thus indicating that the
lack of Hx may be tolerated if the cells are equipped to
metabolize an excess of heme. These data demon-
strate that Hx and HO-1 work in sequence to counter-
act the toxic effect of heme, Hx being the first line of
defense.

Despite systemic endothelial damage, we observed a
dramatic increase in vascular permeability, accompa-
nied by congestion and inflammation only in the liver of
Hx-null mice. This may be explained by the particular

architecture of the fenestrated sinusoidal endothelium
that probably renders it more susceptible to heme over-
load. Consistently, haptoglobin and Hx double-mutant
mice exhibited liver necrosis and fibrosis after phenylhy-
drazine-induced hemolysis.18

The histological features of Hx-null liver after hemin injec-
tion resemble those observed in patients suffering from
veno-occlusive disease (VOD). VOD is attributable to he-
patic venous outflow obstruction and is characterized by
hepatomegaly, marked hyperbilirubinemia, and at histolog-
ical level, narrowing of central veins and sinusoids, sinusoi-
dal congestion, and hepatocellular necrosis.32

VOD is attributable to a nonthrombotic sinusoidal ob-
struction, which occurs as a result of sinusoidal endothe-
lial cell injury. This disease is most frequently caused by
hematopoietic stem cell transplantation and is also seen
after solid organ transplantation. In these cases VOD is
attributed to toxicity of cytoreductive agents in the con-
ditioning therapy, that cause oxidative damage to endo-
thelium.33 Interestingly, patients with thalassemia major

Figure 6. L- and H-Ft expression in kidney and liver after heme overload. Western blotting analysis of L-Ft (left) and H-Ft (right) expression on kidney (A) and
liver (B) extracts from wild-type and Hx-null mice untreated (�) or treated with the high dose of hemin for 6 hours (�). A representative experiment for each
protein is shown. Band intensities were measured by densitometry and normalized to vinculin expression. Densitometry data represent mean � SEM; n � 3 for
each genotype. *P � 0.05; **P � 0.01. Results shown are representative of three independent experiments; in each experiment at least three mice per genotype
were analyzed.
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undergoing bone marrow transplantation are particularly
prone to developing VOD. In thalassemia intravascular
hemolysis is increased and vascular hemoglobin and
heme scavengers levels are reduced, thus suggesting
that heme may potentiate cytotoxic effect of cytoreduc-
tive agents.34 In addition, Srivastava and co-authors35

have shown that a polymorphism in the glutathione S-
transferase gene, affecting the anti-oxidant capacity of
the enzyme, increases the incidence of VOD in thalasse-
mia major patients, again suggesting that reactive oxy-
gen species-mediated endothelial damage is the princi-
pal pathogenic cause of VOD.

Histologically, VOD is very similar to Budd-Chiari syn-
drome (BCS). BCS is generally associated with myelo-
proliferative disorders, polycythemia vera, and paroxys-
mal nocturnal hemoglobinuria. Interestingly, BCS is seen
in up to 12% of patients with paroxysmal nocturnal he-
moglobinuria and is the main cause of mortality in this
disorder.36 Intravascular thrombosis of hepatic veins
and/or inferior vena cava is the major cause of BCS and
most patients who suffers from BCS have an underlying
condition that predisposes to blood clotting.37 Our data,
together with the high incidence of BCS in paroxysmal
nocturnal hemoglobinuria patients, suggest that heme is

a predisposing factor. We demonstrated that Hx may
efficiently counteract heme toxic effects. Thus, agents
that enhance the heme detoxifying potentialities might be
helpful in the prevention of BCS or related diseases.

Painful vaso-occlusive crises are also frequently asso-
ciated with hemoglobinopathies. In particular, in sickle
cell disease, vascular occlusions are the major causes of
the pain, morbidity, and mortality.38–40 Even in this case,
the enhanced rate of intravascular hemolysis results in
heme overload, that in turn causes endothelial damage
and vaso-occlusions.5,6,41

In summary, the phenotype of Hx-null mice after heme
overload indicates that heme is mainly responsible for
vaso-occlusion, at least at the hepatic level, and that Hx
is crucial to counteract its toxic effects. Excess of heme
would cause oxidative damage and promote endothelial
injury, adhesion of leukocytes to endothelium, and/or
thrombosis. We thus speculate that drugs mimicking Hx
activity might be useful in prevention and treatment of
vaso-occlusive crisis in patients suffering from hemolytic
disorders. In this respect Hx-null mice represent an use-
ful model to test new therapeutic approaches.

In the liver hepatocytes and Kupffer cells are able to
metabolize heme. Both cell types express the heme-Hx

Figure 7. Prevention of liver damage by preconditioning. A: Evans blue dye content of the liver of wild-type and Hx-null mice untreated (�) or treated with the
high dose of hemin (�) for 6 hours without (open and solid bars) or with preconditioning (open and solid hatched bars). Data represent mean � SEM; n � 8
for each group. *P � 0.05; **P � 0.01; ***P � 0.0001. B: Lipid peroxidation, estimated as MDA levels, of liver homogenates of wild-type and Hx-null mice untreated
(�) or treated with the high dose of hemin (�) for 6 hours without (open and solid bars) or with preconditioning (open and solid hatched bars). Data are
expressed as the fold increase over a control sample (an untreated wild-type mouse). Data represent mean � SD; n � 8 for each group; *P � 0.05; **P � 0.01.
C: Liver sections of wild-type and Hx-null mice treated with the high dose of hemin for 6 hours without (i, ii) or with (iii, iv) preconditioning, stained with H&E.
Note congestion around the centrolobular vein in heme-treated Hx-null mouse, but not in preconditioned animal. Scale bars: 300 �m (C); 50 �m (C, insets).
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complex receptor, LRP.20,42 However, hepatocytes have
a much greater iron storage capacity than Kupffer cells.
We showed that H-Ft is strongly induced in the liver of
wild-type mice, but not in that of Hx-null animals. Be-
cause hepatocytes represent more than 90% of liver
cells, our Western blots report protein expression in this
population. Up-regulation of H-Ft in wild-type hepato-
cytes indicates a strong iron detoxifying capacity, be-
cause of its ferroxidase activity, and an active iron stor-
age.43 Conversely, lack of H-Ft induction in Hx-null liver
demonstrates that this detoxifying activity is deficient in
Hx-null mice. We conclude that Hx is crucial to mediate
heme-iron recovery in hepatocytes.

Kupffer cells are able to acquire non-Hx-bound heme,
and, indeed, they remained activated longer in Hx-null
mice than in wild-type animals. It is likely that an up-
regulation of ferritins occurred also in this cell population,
but it is undetectable in whole liver extracts. Prolonged
HO-1 induction in Kupffer cells would be responsible for
hyperbilirubinemia. Heme that overwhelmed Kupffer
cells’ recovery capacity would be responsible for endo-
thelial damage.

Furthermore, we observed a stronger induction of
HO-1 and ferritins in the kidney of Hx-null mice compared
with wild-type counterpart. This indicates that excess of
heme-iron is recovered by the kidney. This result is in
agreement with renal iron loading observed in Hx-null
kidney after phenylhydrazine-induced hemolysis.19 Prox-
imal tubular cells express the megalin/cubilin receptor
complex able to take up hemoglobin from glomerular
ultrafiltrate, and divalent metal transporter-1 that recovers
iron and other ions.44,45 The recently identified heme
transporters heme carrier protein-1 and feline leukemia
virus subgroup C cellular receptor are expressed in the
kidney.46 Therefore, it is possible to speculate that the
kidney may take up excess of heme from circulation and
store iron. This would represent a mechanism to prevent
iron loss as occurs in haptoglobin-null mice that recover
free hemoglobin and store iron in proximal tubular
cells.47,48

In conclusion, our results demonstrate that Hx is es-
sential to mediate heme recovery by hepatocytes, thus
preventing vaso-occlusion, liver damage, and renal iron
loading as summarized in the model depicted in Figure 8.
We suggest that agents that increase and/or mimic Hx
activity may provide new therapies to prevent or treat
endothelial damage in patients suffering from hemolytic
disorders.
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