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Heme is a potent inducer of inflammation in mice and is
counteracted by heme oxygenase
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Various pathologic conditions, such as
hemorrhage, hemolysis and cell injury,
are characterized by the release of large
amounts of heme . Recently, it was demon-
strated that heme oxygenase (HO), the
heme-degrading enzyme, and heme are
able to modulate adhesion molecule ex-
pression in vitro. In the present study, the
effects of heme and HO on inflammation
in mice were analyzed by monitoring the
biodistribution of radiolabeled liposomes
and leukocytes in conjunction with immu-
nohistochemistry. Small liposomes accu-
mulate in inflamed tissues by diffusion
because of locally enhanced vascular per-
meability, whereas leukocytes actively mi-

grate into inflammatory areas through
specific adhesive interactions with the
endothelium and chemotaxis. Exposure
to heme resulted in a dramatic increase in
liposome accumulation in the pancreas,
but also intestines, liver, and spleen exhib-
ited significantly increased vascular per-
meability. Similarly, intravenously admin-
istered heme caused an enhanced influx
of radiolabeled leukocytes into these or-
gans. Immunohistochemical analysis
showed differential up-regulation of the
adhesion molecules ICAM-1, P-selectin,
and fibronectin in liver and pancreas in
heme-treated animals. Heme-induced ad-
hesive properties were accompanied by a

massive influx of granulocytes into these

inflamed tissues, suggesting an impor-

tant contribution to the pathogenesis of

inflammatory processes. Moreover, inhibi-

tion of HO activity exacerbated heme-
induced granulocyte infiltration. Here it is

demonstrated for the first time that heme

induces increased vascular permeability,

adhesion molecule expression, and leuko-
cyte recruitment in vivo, whereas HO an-
tagonizes heme-induced inflammation
possibly through the down-modulation of

adhesion molecules. (Blood. 2001;98:
1802-1811)
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Introduction

The inflammatory response consists of a complex cascade Hgfme and inflammation

orchestrated signals resulting in increased permeability of blopgq (iron protoporphyrin IX) serves as the functional group of various
vessels, changes in blood flow, and migration of leukocytes frogyains including hemoglobin, myoglobin, nitric oxide synthase, and
blood to affected tissuesvascular permeability results from the o1 hromes. Heme s therefore essential for diverse biologic pro-
partial retraction of endothelial cells of small venules in the Vicinitasses The vascular endothelium is continuously exposed to circulat-
of inflammation, leaving small intercellular gaps (approximate%g erythrocytes and to exogenous hemoglobin and heme released by
0.1-0.4 pm). This so-called vascular leakage results in slowgfamaged cells. Excess of free heme may constitute a major threat
blood flow by allowing the passage of water, salts, and smakcayse heme catalyzes the formation of ROS, resulting in oxidative
proteins from the plasma into the damaged area, whereas blag@ss and, subsequently, cell injéify.arge amounts of free hemopro-
cells are retained within the vessélg normal circumstances the teins are released during hemolysis or rhabdomyolysis under various
endothelial layer is nonadhesive for leukocytes. However, duriighologic conditions, such as hemorrhage, hematoma, hemoglobinopa-
inflammation, activated endothelial cells increase the surfagfes, excessive blood transfusion, and muscle ifji#yThe heme
expression of specific adhesion molecules, such as intercellyagieties are readily oxidized and subsequently dissociate from methe-
adhesion molecule 1 (ICAM-1), vascular cell adhesion moleculerﬂog|obin_13,14 In addition, during ischemia-reperfusion, heme may be
(VCAM-1), endothelial leukocyte adhesion molecule (E-selectinjeleased from mitochondrial P450 cytochromes and other denatured
and P-selectid. This increased cell surface adhesion enabléfeme-proteins and contribute to inflammatory changes and cellular
circulating activated leukocytes to specifically interact with theihjury associated with oxidative stress. Free heme is highly lipophilic
ligands on the endotheliuAAlthough the inflammatory responseand will rapidly intercalate into the lipid membranes of adjacent gells.
of the host is considered essential in the protection againge and othef§!6 observed that exposure to heme stimulates the
pathogens, activated leukocytes and endothelial cells may atsgression of adhesion molecules ICAM-1, VCAM-1, and E-selectin
cause cellular and organ damage by excessive release of proteaaasndothelial cells in vitrgorobably through heme-mediated genera-
and reactive oxygen species (RG8)herefore, the inflammatory tion of intracellular ROS. These activated endothelial adhesion mol-
process must be tightly regulated by specific mediators, suchexsiles may subsequently recruit leukocytes, forming one of the main
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anti-inflammatory cytokines and acute-phase protkins.

characteristics of inflammatidn.
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Heme oxygenase and inflammation Laboratories, Burlingame, CA), or biotin-labeled anti-rabbit IgG antibod-
) o ) ies (Pharmingen) were used.
Heme oxygenase (HO) is the rate-limiting enzyme in the degrada-

tion of heme. It breaks down the pro-oxidant heme into th&nimals
vasodilator carbon monoxide, iron, and the antioxidant b|||vei=Zf;I|n.NIale BALBJC mice or male C57BI/6 (H-2b) mice, 8 to 12 weeks of age,

B_iliverdin is rapidly .Convert_ed by. biIiV_erdi.n reductase to bi"ru_were obtained from Charles River Wiga (Sulzfeld, Germany). The mice
bin.'® The heme-derived oxidant, iron, is directly sequestered affre kept under specified pathogen-free conditions in the Central Animal
inactivated by coinduced ferritif.Among the 3 separate isoforms ahoratory (University Medical Center Nijmegen, The Netherlands).
of the HO protein known to date, HO-1 is highly inducible by arhey had free access to water and were fed standard laboratory chow
great variety of stimuli, including oxidative stress, heat shock, U{Hope Farms, Woerden, The Netherlands). All experiments were per-
radiation, ischemia-reperfusion, heavy metals, cytokines, and nitfigmed in accordance with the guidelines of the Animal Experi-
oxide and its substrate herffe2! HO-2 and, to a lesser extent, thements Committee of UMC Nijmegen.
recently discovered HO-3 iso-enzyme are predominantly constitu- i i
tively expressed and function probably in normal heme capturinpg:?rphyrln solutions
and metabolism!22The strong adaptive response of HO-1 expres he following porphyrins were used: hemin (Sigma, St Louis, MO) and tin
sion on the diverse array of stress stimuli suggests an important r¢signnic) mesoporphyrin (SnMP) (Porphyrin Products, Logan, UT). At low
for HO distinct from heme degradatiéln fact, the overexpres concentrations SnMP acts as a potent and selective competitive inhibitor of
sion of HO-1 is associated with the resolution of inflammaiion HO-activity in vitro and in vivo:"=°All porphyrin solutions were freshly
and with protection against heme- and hemoglobin-medir:ltBEﬁ")"’“fed as prev'.OUSIV describédn Shor.t’ hemin was d|_sso|v_ed together
toxicity.2*?5The importance of HO in the degradation of heme an ith Trizma base |n.a 0.1-M NaOH solu'tlon and diluted in sgllne. Next, pH

. . T ) i . to 12 was adjusted to pH 8 with HCI. The solution was then
the possible involvement in inflammation is further illustrated leter-steriIized, protected from light and directly used.
recent observations in mice and humans deficient in HO-1 gene
expressiort®?’ The absence of HO-1 results phenotypically in theleme administration protocol

presence of consistently high serum heme concentrations (ca. %\ﬁveins of mice were iniected with h vsed ervth i

mM) and various oxidative and inflammatory complicatiéh3. . jected with heme, lysed erythrocytes, or saline.
. . ) A The final heme concentration in the serum was calculated by estimating the

Despite the growing evidence of a protective role for HO, thf?)tal blood volume as 71 mL/kg. Mice were anesthetized with ether. Blood

mechanism by which HO down-regulates inflammation is onkyas drawn by cardiac puncture or through the retro-orbital vein, and mice

scarcely understood. Interestingly, recent observations suggest g killed by cervical dislocation. Erythrocyte lysis was performed as

the mechanism of HO-1-mediated resolution of inflammation magilows: erythrocytes were collected after density gradient centrifugation of

originate from the modulation of adhesion molecule expressioperipheral blood, lysed by subjection to repeated freeze-thaw cycles, and

HO-1 overexpression was shown to attenuate adhesion molediliered (0.45.m).

expression in vitro and in vivo, whereas selective inhibition of

HO-1 activity aggravated adhesion molecule expresgigh3® Spectral measurement of heme

Intense interest has recently focused on the biologic effects leéme concentration in the serum was determined spectrophotometrically

carbon monoxide, biliverdin, and bilirubin. Until recently, thesdy the pyridine hemochromogen as$&griefly, 900u.L solution A (3 parts

heme-derived metabolites were considered toxic waste produdgidine, 1 parl M NaOH) was added to 450L heme solution, vortexed,

but accumulating data suggest they have anti-oxidative, arfid used' asa bqse]ine for the spectrum bgtween 500 and 600 nm. Next,

inflammatory, antiapoptotic, and signaling properties and possit{[ sh sodium dithionite was added for reduction. The sample was vortexed,

immune modulatory functior®-35 Therefore. we postulate that. in & d the spectrum between 500 and 600 nm was recorded. Dilution of the
Y ' ! P ' " "heme standard and the serum samples was, respectiveky,af@l 18X.

VIVO, .Iarg_e amounts Of_ free heme. exert inflammatory actioNgeme concentration was measured using the specific micromolar extinction
resulting in the expression of adhesion molecules ar!d the recr.‘é’éefficient of heme for the delta optical density between the peak at 557 nm
ment of leukocytes, whereas HO down-regulates inflammati@nd the minimum at 540 nm as 0.0207.

through a mechanism involving the down-modulation of adhesive
properties. To examine this hypothesis, the roles of heme and H@paration of HYNIC-PEG-liposomes

as inflammatory modulators were investigated in a mouse mOdelF’olyethylenegchoI-2000 (PEG)-liposomes containing hydrazinonicoti-

namide-conjugated-distearoylphosphatidyl-ethanolamine (HYNIC-PEG-
liposomes) were prepared as previously descri&iposomes were sized
by multiple extrusion through pairs of stacked polycarbonate membranes

Materials and methods using a medium pressure extruder (Lipex Biomembranes, Vancouver, BC,
o Canada). Phospholipid recovery after liposome preparation was 80% on
Antibodies average. Particle size distribution was determined by dynamic light

cattering with a Malvern 2000 system equipped with a 25-mW neon laser
alvern Instruments, Malvern, United Kingdom). Mean size of the small

) . HYNIC-PEG-liposomes was 80 to 85 nm with a polydispersity index less
1), GR-1 (granulocyte marker), F4/80 (macrophage marker; Caltag Labo{ﬁan 0.1. In the experiments, the liposomes were administered intrave-

tories, Burlingame, CA), Lyt-2 (anti-CD8), MT-4 (anti-CD4), and kT3 L
(anti-CD3) (Serotec, DPC, Breda, The Netherlands). In addition, thne(zJUSIy atadose of hM/kg phospholipids in a volume of 0.1 mL.

polyclonal rabbit antibodies CD62P (anti-human—P selectin) (Pharming???adiolabeling of liposomes
San Diego, CA), A0245 (anti-human fibronectin) (DAKO, Glostrup,
Denmark), SPA895 (anti—rat HO-1; cross-reacts with mouse HO-1) (Streseformed HYNIC-PEG-liposomes were labeled with technefitiffic as
gen Biotechnologies, Victoria BC, Canada), and OSA200 (anti—rat HO-@escribed previousK? Briefly, to 0.1 mL liposomes a mixture of 10 mg
Stressgen) were used. As secondary antibodies, fluorescein isothiocyahgf€ris(hydroxymethyl)-methyl]glycine] (Tricine, Fluka, Zwijndrecht, The
fluorochrome conjugated to mouse anti—rat immunoglobulin (Ig) G (Zymedetherlands), 10.g stannous sulfate in 0.5 mL saline, and 500 mEq
Laboratories, San Francisco, CA), biotin-labeled goat anti-rat IgG (Vectt#TcO,~ in saline (10 MBgiM phospholipid) was added. The mixture

The following monoclonal rat antimouse antibodies were used: YN1
(anti-ICAM-1), B220 (anti-CD45R [B-cell marker]), MK2/7 (anti-VCAM-
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was incubated for 15 minutes at room temperature. Labeling efficiency waih hematoxylin and eosin using standard protocols. The presence of heme
always greater than 95%, and liposomes were used without any furtliethe liver was analyzed using a benzidine staining techrfitjue.
purification.®*™Tc-labeled HYNIC liposomes have been shown to be highly

stable: no significant release of the radiolabel was observed after incubatiommunohistochemistry

with DTPA, cysteine, or glutathione or after 48 hours of incubation in serum, . . . .
at 37°C39 Dissected tissues were frozen with Tissue-Tek (Sakura Finetek Europe

B.B., Zoeterwoude, The Netherlands) and stored—&0°C. Cryostat
sections (4pum) were collected on Super frost slides (Menzel sgla
Freiburg, Germany). Immunohistochemical analysis was performed using
protocols of the provider (Vector Laboratories). After counterstaining with
The role of heme on vascular permeability was examined u¥ifific- hematoxylin, the slides were analyzed.

labeled liposome¥41 Mice (C57BI/6) intravascularly received either 150

wL phosphate-buffered saline (PBS) £n5) or 150 L heme (750nM,  Statistical analysis

intravascular concentration; a 5) followed 15 minutes later by the
administration of radiolabeled liposomes (100) through the lateral tail ) A
vein. Animals were anesthetized with a mixture of Ethrane (Abbott B\?,onSIdered significant.
Amstelveen, The Netherlands), nitrous oxide@), and oxygen and were
placed prone on a single-head gamma camera equipped with a parallel-hole,

low-energy collimator. Mice were imaged at 5 minutes and at 1, 4, and Besults

hours after injection (at least 100 000 counts/image). After 24 hours, the

mice were anesthetized with ether, blood was drawn, and the mice wé¥stribution of heme in situ

killed by cervical dislocation. Tissues were dissected to determine the . o . .
biodistribution off®™Tc. Blood samples, lungs, liver, heart, kidneys, S|O|een'l"o determine the distribution of intravenously administered heme,

thymus, pancreas, intestines, brain, and femur were collected and weigf@me concentrations in the serum of mice were measured by
and their radio activity was measured in a shielded well-type gamngyridine hemochromogen analysis. After intravenous administra-
counter (Wizard, Pharmacia-LKB, Uppsala, Sweden). To correct féion of heme, a sharp decrease in serum heme concentration was
physical decay and to calculate the uptake of the radiopharmaceuticalglsserved during the first few hours (1-4 hours) (data not shown).
each tissue sample as a fraction of the injected dose, aliquots of the injeciggbr 24 hours, mice had heme levels similar to those in control
dose were counted simultaneously. mice (1x 105 M) (Figure 1, gray thin and thick spectra,
respectively). However, in mice pretreated for 24 hours with a
competitive inhibitor of HO activity, SnMP, followed by heme

To examine the inflammatory properties of heme, the effect of heme administration, elevated levels of heme were still apparent in the
leukocyte migration was analyzed using radiolabeled leukocytes. Hepargerum, even after 24 hours (23104 M) (Figure 1, gray

ized peripheral blood of 12 male C57BI/6 mice was obtained througpectrum). These results indicate that HO is essential in the fast
cardiac puncture. Leukocytes were isolated using sedimentation of erythro-

cytes with 2% dextran T500/PB%Isolated leukocytes were analyzed for

the presence of different subsets using FACS analysis. Ce{s1(@®) were 0.2
incubated (30 minutes, 4°C) in PBS containing 0.5% wt/vol bovine serum
albumin (Roche Molecular Biochemicals, Mannheim, Germany) and
0.01% sodium azide (Merck, Hohenbrunn, Germany), with appropriate
dilutions of either mAb against a specific subset. Subsequently, cells were
incubated with FITC-labeled goat (Fapanti—rat IgG mAb for 30 minutes

at 4°C. Relative fluorescence intensity was measured by FACScan analysis
(Becton Dickinson).

Administration of 9°™Tc-labeled liposomes, gamma camera
imaging, and biodistribution studies

Statistical significance was defined by Studéntests. P < .05 was

Immunofluorescence analysis

e
-

Indium-111 labeling of leukocytes and administration, gamma
camera imaging, and biodistribution studies

Absorbance

Leukocytes were labeled with indium-123{n)—oxinate (Amersham, Hertogen
bosch, The Netherlands) at room temperature as described preffolisty. 500
washing, the labeling efficiency was determined by expressing the activity in the
cell pellet as a fraction of the total amount of radioactivity added. Leukocyte Wavelength (nm)
viability before and after radiolabeling was greater than 95% as measured by -0.1
trypan blue exclusion. Five mice per experimental group were injected in the
lateral tail vein with either 15QuL saline or heme (75QM; intravascular — 500 MM heme (Standard)
concentration) followed 15 minutes later by X3.(P syngeneic white blood — control

cells in 100u.L saline with 15u.Ci/mouse. In vivo distribution of the radiolabeled

leukocytes was visualized scintigraphically using a gamma camera (Siemens 1000 ]J.M heme
Orbiter; Siemens, Hoffmann Estate, IL) equipped with a parallel-hole, medium- —— 20 uM SnMP + 1000 pM heme
energy collimator. For tissue biodistribution, groups of 5 mice were killed and
dissected 24 hours after injection of #i#in-labeled leukocytes. Blood samples,Figure 1. Effect of HO activity on heme levels in the serum of BALB/c mice.
|ungsY |iver‘ heart' kidneyS, Sp|een, thmeS, pancreas, intestinesy brain, and feT‘ﬂaF[y-fOUI’ hours after mice were injected with saline or 1000 nM heme, the levels of
were dissected, weighed, and counted in the gamma counter. To correct"fge In the serum were measured using the pyridine hemochromogen assay (thin

dioactivity d iniecti tandard ted simult | and thick gray lines, respectively). Delta absorbance between 540 and 557 nm of the
radioactivity decay, injection standards were counted simultaneously. spectra correlates with the amount of heme (see “Materials and methods”). The thin

black line represents mice pretreated for 24 hours with 20 WM SnMP, an inhibitor of
Histochemistry HO activity, followed by treatment with 1000 wM heme for 24 hours. Thus, the

inhibition of HO activity results in prolonged presence of heme in the vascular system.
Tissues were fixed in Unifix (Klinipath, Duiven, The Netherlands)rurther, the wavelengths of the serum heme spectra do not differ from those of a fresh
dehydrated, and embedded in paraffin. Sectiopsmthick were stained heme standard (thick black line).
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Figure 2. Presence of heme in the liver.

Heme was assayed by benzidine staining

of liver sections of BALB/c mice treated for 4 hours with saline or 1000 uM heme. In
control mice (A), heme was confined to the vicinity of vessels, whereas in

heme-treated mice (B) most liver cells stained positive (dark staining).

clearance of heme from the circulation. Furthermore, aggregat
of heme molecules probably did not play a major role in o
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In vivo distribution of liposomes: vascular permeability

To analyze the effect of free heme on vascular permeability, we
determined the in vivo distribution of intravenously injected
radiolabeled liposomes in C57BI/6 mice. Mice that received
99mTc-labeled liposomes in combination with either PBS or heme
were monitored by gamma camera imaging. Radiolabeled lipo-
somes were present in the well-perfused heart and liver directly
after injection and during the time course of the experiment.
However, within 4 hours of intravascular administration of lipo-
somes, a clear distinction could be observed between the 2
experimental groups (Figure 3A). Mice exposed to heme showed
significant shifts in liposome accumulation from the heart region
toward the organs in the abdominal region.

To study this shift in more detail, both experimental groups
were killed after 24 hours, and the biodistribution of the liposomes
was determined quantitatively in various organs and blood (Figure
3B). Liposome levels in the blood of the heme-treated mice were
significantly lower. In contrast, in the pancreases of heme-treated
mice, the influx of radiolabeled liposomes was 20 times higher than
in PBS-treated animals. Furthermore, a significant uptake of
liposomes was detected in the liver, spleen, intestines, femur, brain,
and kidneys of heme-treated animals compared to animals receiv-
ing PBS. No significant change in liposome accumulation was
found in the heart, lungs, and thymus. The amount of radiolabeled
liposomes expressed per 0.1 g tissue is depicted in Figure 3C.
igﬂese data confirm the scintigraphic imaging data and show a
u?lgnificant increase in liposome sequestration, corresponding to an

experiments because there was no apparent shift in Wavelﬁgtmcrease in vascular permeability in liver, spleen, intestines, and

band, 524 nmy band, 557 nm) in the heme spectra of the seru

samples compared to a freshly prepared heme solution(B00*

To analyze whether heme is taken up from the circulation infjfferential

Thus, tissue biodistribution clearly shows that heme provokes a
increase in vascular permeability, as reflected by

the organs, the livers of mice receiving heme or saline wel@0Some accumulation in diverse organs.

exam_lnec_j for the presence of heme using ben2|d_|ne stainiNGfect of heme on leukocyte migration

Massive increases in heme levels could be observed in parts of the

liver of heme-treated animals compared to mice receiving salifreview of our findings on heme-induced vascular permeability, the

(Figure 2).

A
PBS/liposomes

»

Heart
Abdominal region

Hemel/liposomes

L

Heart
Abdominal region

Figure 3. Effect of heme on vascular permeability.
(A) Scintigraphic image of mice 4 hours after injection with °™Tc-labeled liposomes in the presence of either PBS or heme. A clear shift of radiolabeled liposomes from the heart
in control mice to the abdominal region in heme-treated mice can be observed. (B) Effect of heme on the biodistribution of 9™mTc-labeled liposomes in mice 24 hours after
injection. Animals treated with PBS and heme are represented by white bars and black bars, respectively. Results are expressed as percentage of injected dose per organ (%
ID). All values are indicated as mean = SD of 5 mice. There is a significant increase in the accumulation of liposomes in the pancreas, liver (P < .00005), spleen, kidneys,
intestines, brain (P < .01), and femur (P < .05) of the heme-treated animals compared to the PBS-treated animals. (C) Biodistribution of ™ Tc-labeled liposomes in mice 24
hours after injection, corrected for weight. Animals treated with PBS and heme are represented by white bars and black bars, respectively. Results are expressed as a
percentage of injected dose per 0.1 g tissue (% 1D/0.1 g). All values are indicated as mean =+ SD of 5 mice. There is a significant increase in the accumulation of liposomes in the
pancreas (P < .0005), spleen (P < .01), liver, and intestines (P < .05) of the heme-treated animals compared to the PBS-treated animals.

Uptake of labeled liposomes 0
(%ID)

20

10

inflammatory effects of heme were further examined by analyzing

C
g8 o
B Heme (750 uM 3 0 Heme (750
a_ <
=T "
T
Eso
o8«
=R
s
S o
% -
2 9
. [
ggg§g§g=;¢,g$ °-gm;:w=3-=-1:mw
cc2o0 T cEQEYP 2583w 23
$E=285258c8 8E28FEiziis
a8 9 £ c D2 T 2egRf B QLS50
I Rgigetzs
£ = c g

Permeability was analyzed by gamma camera imaging and biodistribution of 9™ Tc-labeled liposomes in C57BI/6 mice.

gven a 25-fold increase in the pancreas of heme-treated animals.
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Figure 4. Effects of heme on leukocyte influx. Leukocyte accumulation was measured by gamma camera imaging and biodistribution of 1*In-labeled leukocytes in C57BI/6
mice. (A) Scintigraphic images of mice 21 hours after injection with either saline or heme, followed by administration of 1*1In-labeled leukocytes. Note that there is an
increased uptake of radiolabeled leukocytes in the spleen of this heme-treated animal. (B) Effects of heme on the biodistribution of 1'!In-labeled leukocytes in C57BI/6
mice 24 hours after injection. Animals treated with saline and heme are represented by white bars and black bars, respectively. Results are expressed as percentage
injected dose per organ (% ID). All values are indicated as mean = SD of 5 mice. There is a significant increase in the accumulation of radiolabeled leukocytes in the
pancreas, kidneys (P < .0001), intestines, liver, brain, spleen (P < .01), and femur (P < .05) of the heme-treated animals compared to the saline-treated animals. (C)
Biodistribution of 1In-labeled leukocytes in mice 24 hours after injection corrected for weight. Animals treated with saline and heme are represented by white bars and
black bars, respectively. Results are expressed as percentage of injected dose per 0.1 g tissue (% ID/0.1 g). All values are indicated as mean + SD of 5 mice.
Accumulation of radiolabeled leukocytes in the pancreas, intestines, kidneys, brain, liver (P < .01), thymus, femur, and spleen (P < .05) of the heme-treated animals
were significantly increased compared to levels in the saline-treated animals.

the possible role of heme in leukocyte migration. Leukocytes weré
labeled ex vivo with!n and injected into syngeneic mice. The
migratory activity of*1in leukocytes was evaluated by comparing
radiolabeled cell trafficking from the circulation into the tissues of
the mice receiving heme relative to the control mice. C57BI/6 mice
receiving intravenousl§*lin-labeled leukocytes showed uptake of
the radiolabeled cells in the liver and spleen directly after injection
However, 21 hours after the administration of heme or saline, 4
distinction was observed (Figure 4A). Clearly, a larger fraction of!
the leukocytes had accumulated in the spleens of the heme-treat
animals. After 24 hours, biodistribution was performed. Significants
leukocyte accumulation was observed in spleen, liver, kidneys
intestines, femur, brain, and pancreas of heme-treated animals th
in animals receiving saline (Figure 4B). No significant differences
in leukocyte uptake were observed in the heart, thymus, o
lung tissues.

After correcting for weight differences between organs, marked
uptake of leukocytes in the spleen, liver, kidneys, thymus, intes
tines, femur, brain, and pancreas was assessed (Figure 4C). T
effect of heme-induced radiolabeled leukocyte migration was
subsequently corroborated by microscopic autoradiography (da
not shown). These autoradiography studies showed heme-mediat
leukocyte infiltration, further supporting a role for heme as an
inflammatory mediator.

Effects of heme and heme oxygenase on leukocyte infiltration
and adhesion molecule expression

. . . . Figure 5. Effects of heme and HO on leukocyte infiltration. Light microscopy
LeUkOCyte infiltration and expression of several adhesion molecules VM@ﬁjres of liver sections of BALB/c mice stained with hematoxylin and eosin

examined (immuno)histochemically to determine which inflammatory&E) (original magnification, x 40 [A,C,E,G], or X 400 [B,D,FH]). Mice were
changes occur after heme administration. First, hematoxylin and eogffaied for 24 hours with saline (A, B) or 750 uM heme (C, D). The lower 2

. . . . anels represent, respectively, mice pretreated for 24 hours with SnMP, followed
stained sectlons'ofllver and pancreasfro.m. BAL'B/c mice were analyiéﬂtreatmem with saline (E.F) or 750 wM heme (G,H) for 24 hours. Heme-
24 hours after intravenous heme administration for the presencetr@fted mice show inflammatory lesions accompanied by leukocyte influx and
infiltrates of leukocytes. Livers of heme-treated animals revealed sevé8] cell injury. Animals in which HO-activity was inhibited by pharmacologic
foci with d leuk infiltrati Th infl t . f.Imeans (SnMP) show more severe inflammatory changes after heme exposure,
OCI with pronounced leu Ocyte IF!I ration. e§e in amm.a ory Inil;g exemplified by larger lesions and more aggravated inflammatory cell
trates were frequently accompanied by necrotic areas (Figure 5A-Ditrates.
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Serum alanine aminotransferase levels, which are increased unc
conditions involving necrosis of hepatocytes, had clearly increased aftr Control Heme
the administration of heme to mice (data not shown), supporting ou T
observations on heme-induced liver injury. Interestingly, granulocyte ' '
influx levels into the livers of mice, as seen after treatment with hem
alone, were similar to those of mice receiving lysed erythrocytes witt A
the same concentration of heme (data not shown).

Next, the effect of HO activity on heme-induced leukocyte
influx was investigated. Heme administration in mice lacking HO
activity resulted in a significantly greater influx of leukocytes into
the liver (Figure 5G-H) in comparison with that in mice given heme
alone (Figure 5C-D) or SnMP alone (Figure 5E-F). Thus, HO
activity protects against heme-mediated leukocyte infiltration. B

Sections of pancreas from mice exposed to heme also showe
severe alterations when compared to control mice treated witl
saline (Figure 6). In the heme-treated animals, the presence «
inflammatory hallmarks such as interstitial edema and cellulai
infiltration could easily be observed, corroborating our findings
obtained in the biodistribution studies with the radiolabeled
liposomes and leukocytes. C

A panel of specific monoclonal antibodies against macrophage:
granulocytes, T lymphocytes, and B lymphocytes was used t
distinguish leukocyte subsets involved in heme-mediated migra
tion. From these immunohistochemical stainings, it was evident o )

. Figure 7. Effect of heme on leukocyte infiltration and adhesion molecule
that granU|0CyteS formed the main IEUKOCyte Component of cellul ression. Immunohistochemical analysis of liver and pancreas tissues of BALB/c
infiltrate (Figure 7A), whereas some macrophages were alg@e after 24 hours of intravenous injection with either saline (left panel) or heme (750
abserved (deta not showr). T and B ymphocytes could not W UTEeE) e Seienn Gt S b
detected within this time frame (1'24 hOUI‘S; data not ShOWI’]). the Ii%/er of heme-treated mice (G)I;-lhantibody)F(B) ICAM»limmunogreactive}:roteins
contrast, granulocyte infiltration was already evident in the liver agurk staining) in liver sections of mice treated with saline or heme (YN1/1 antibody).
ear|y as 1 hour after exposure. To investigate which adhesityM-1 can be identified on .the endothelial lining (arrowhead) arjd on ‘infiltratir?g
molecules could be involved in mediating this migration, sectioroe/ =11 ezt mas (e e, © ocaatonoftronecty
of liver and pancreas were examined for the expression of ICAM-flyonectin proteins was clearly enhanced in the heme-treated animals (dark staining,
VCAM-1, P selectin, and fibronectin. Heme strongly induced throwhead).
expression of ICAM-1 in pancreas and liver on the luminal surfaces
of vascular endothelial cells. Infiltrated and vascular leukocyté&munohistochemical localization of HO expression
also became activated by heme, as illustrated by their enhanced
ICAM-1 expression (Figure 7B). Vascular fibronectin expressiofeme oxygenase-1 and -2 expression levels were determined in
was increased in sections of the pancreas of heme-treated aninl}§" and pancreas after the administration of saline or heme. HO-2
Fibronectin also seemed to stain other types of cells in the livi§ve!s in hepatocytes were low and did not change in response to
(Figure 7C). P selectin was expressed in mice 1 hour after heffgine treatment in liver and pancreas (data not shown). However,

administration, but P selectin could not be detected in mice treafd®-1 €xpression levels, not detectable in saline-treated animals,
with heme for 24 hours (data not shown) were strongly induced in distinct cell populations in the liver after

exposure to heme. The irregular shapes and dendritic extensions
suggest the presence of Kupffer cells, though no HO-1 expression
has been found in the liver of saline-treated animals (Figure 8A-B).
However, other cells such as sinusoidal endothelial cells and
leukocytes may be involved, as demonstrated by the HO-1-
positive staining of leukocytes present within the peripheral blood
and of cells lining the vessels. Hepatocytes exhibited little or no
staining in control or heme-treated animals. In the pancreas,
heme-induced HO-1 expression was also restricted to single cells,
most likely infiltrating leukocytes (Figure 8C-D).

Discussion

In this study we extended our earlier in vitro observations of
Lol 5 L heme-induced expression of endothelial adhesion molecules and

Figure 6. Effect of heme on inflammatory changes in the pancreas. sections of  the antiadhesive properties of HO activity to an in vivo model. Our

the pancreas of mice treated for 24 hours with saline (A,B) or heme (750 nM) (C,D) results show that there are important roles for heme and HO in

were stained with H&E (original magnification, X 40 [A,C] or X 400 [B, D]). Exposure . . . . . . X

to heme resulted in a variety of inflammatory changes in the pancreas, as illustrated mOdU|atmg inflammation in vivo (Flgure 9)' These are the first data

by leukocyte influx and interstitial edema. that provide evidence of a proinflammatory role for heme in vivo.
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liver, and intestines but not in lungs or heart. Although the pancreas
showed substantially enhanced leukocyte accumulation, this in-
crease was not as dramatic as the changes in permeability.
Heme-induced enhancement in vasopermeability and leukocyte
infiltration in mice was corroborated with (immuno)histochemi-
cal data, supporting our hypothesis that heme is a proinflam-
matory mediator. In the time frame studied (1-24 hours), heme-
induced leukocyte infiltrates in liver and pancreas mainly consisted
of granulocytes, whereas macrophages and lymphocytes were
hardly present.

The present data demonstrate that the excess of free vascular
heme forms a severe risk for inflammation in several organs, such
as the liver and the pancreas. The liver is a major organ that helps in
the detoxification of free heme molecules and biliary excretion of
their metabolites, such as bilirubin, and requires self-protective
mechanisms for tolerance against heme toxicity. Within the liver,
Kupffer cells and liver sinusoidal cells are thought to play
prominent roles in maintaining this tolerarf®eAccumulating
evidence supports the concept that HO-1 induction is necessary to
protect liver and pancreas homeostasis from stress condi-
tions26:27.50-52The mechanism of heme-induced inflammation and
organ damage might relate to our observation that heme activates

Heme administration resulted in increased vasopermeability, adioinflammatory genes and leukocyte recruitment whereas, in
sion molecule expression, and tissue infiltration of leukocytegpntrast, HO-1 attenuates proinflammatory signals. Previously, we
which are hallmarks of inflammation. In contrast, HO has antfhowed that heme activates the endothelium in vitro, resulting in an
inflammatory properties; the inhibition of HO activity exacerbatedp-regulation of proinflammatory genes ICAM-1, VCAM-1, and
heme-induced inflammation. Furthermore, HO is crucial for the-selectint> This effect is likely to be mediated by ROS and a
fast clearance of vascular heme. Our finding that heme and HOMpromised redox status, because glutathione attenuates heme-
modulate inflammatory processes in an antagonistic manner offéiduced adhesioff. Adhesion molecule up-regulation on the
an exciting new insight into the pathogenesis of diverse inflamm@bdothelium of inflamed tissues strongly suggests that the observed
tory processes, such as wound healing, ischemia-reperfus|8Hk00yte influx is mediated through heme-induced cell surface
injury, and vasculitis. expression of adhesion molecules such as selectins, fibronectin,

Several studies have reported that the administration of autoffld ICAM-1. The heme-induced inflammatory response caused a
gous whole blood increases vascular permeability and inflamnfi@se-dependent, highly reproducible leukocyte influx in inflamed
tion#647 In addition, Baldwif® showed recently that possiblefissues as monitored (immuno)histochemically. Our finding that
oxygen-carrying blood substitutes, the modified hemoglobin mdpesides endothelial activation, leukocytes were also activated after
eculesaa-Hb and PEG-HDb, cause venular leakage in the rgxposure to heme underscores the proinflammatory potential of
mesentery. These effects resulted from changes in endothelial aB@me. The present study contributes to insight into the mechanisms
cytoskeleton and an increased number of endothelial gaps. Bad¥@ugh which heme-hemoglobin overloading causes the deteriora-
on our findings, this effect is most likely mediated by the hem&n of organ homeostasis under disease conditions.
component of blood cells and hemoglobin. Our experiments with
99Tc-labeled liposomes demonstrated a dramatic increase i _
vascular permeability in the pancreas after exposure to vasculz \‘ :

V'
FREE HEME

T

Figure 8. Heme oxygenase expression in liver and pancreas. Liver (A-B) and
pancreas (C-D) of BALB/c mice after 24-hour exposure to either saline (A, C) or heme
(B,D) were assayed for the expression of HO-1 immunoreactive proteins (SPA895
antibody). HO-1 is hardly detectable in control animals but is highly induced after
heme exposure in residing Kupffer cells (arrowhead) and (infiltrating) leukocytes
(arrowhead) or lining cells (arrowhead).

heme. Heme also induced liposome accumulation in several oth¢
organs, such as the liver, spleen, and intestines.

However, despite our finding that heme administration caused
local increase in vascular permeability, we cannot rule out tha™
heme-derived metabolites are responsible for these observatior
Interestingly, recent data suggest that nitric oxide is capable o
blocking inflammatory permeabilizatidfilt is, therefore, tempting
to speculate that carbon monoxide, which shares many function
with nitric oxide, also modulates vascular permeability.

There is a major distinction between the mechanism of lipo-
some trafficking and leukocyte migration. Liposomes accumulate T
in inflamed tissues because of locally enhanced vascular permeab
ity, whereas leukocytes actively migrate to inflammatory areas
through Spegfﬁ l?dheswe interactions with the_ endOthe“u_m_ ae%ure 9. Model for the role of heme and heme oxygenase in inflammation. Free
chemotaxig: in-labeled |eUkOCytes are an important C“nlcaheme interacts with the endothelial cell membrane (thick black line), resulting in
tool to image inflammatory foci in vivé® Our data clearly oxidative stress, vasopermeability, adhesion molecule induction, leukocyte binding—
demonstrate that the presence of large amounts of vascular heéggtion, and HO-1 expression. In contrast, HO-1, the heme-degrading enzyme,

It in infl infil . . acts as a feedback modulator by antagonizing the oxidative and inflammatory actions
_rGSUt Inin ammatory _In lltrates into various organs._ Hemeo'f heme through the formation of vasodilator carbon monoxide and antioxidants
induced leukocyte influx in our mouse model was present in spleefiyerdin /bilirubin.

Vasopermeabilization Heme

Oxidative stress 4..’ HO-1 =P l

Adhesion molecules
Leukocyte migration v

Platelet aggregation Ferritin €— |ron
Piliverdin
I coO

20z aunr g0 uo jsenb Aq jpd'z081010818U/¥61 LL91/2081/9/86/4Pd-0[o1e/p00|q/}eU SUOKED!INAYSE//:d)Y WOl papeojumoq



BLOOD, 15 SEPTEMBER 2001 - VOLUME 98, NUMBER 6 HEME, HEME OXYGENASE, AND INFLAMMATION 1809

The importance of heme in inflammatory processes in vivo terized by vascular abnormalities, such as acute renal failure,
further emphasized by the rapid increased expression of hemodiemorrhagic shock, hemolytic uremic syndrome, and throm-
bin and heme scavengers, haptoglobin and hemopexin, resgeatic thrombocytic purpura, are associated with increased
tively, in response to inflammatidd>® Hemopexin selectively hemolysisi!-4 and one could speculate that heme causes the
delivers heme to cells expressing hemopexin receptors as presefiammatory onset in these diseases. Moreover, it was recently
on cells in the liver and spleen. Observed differential effects piostulated that excessive heme release plays a major role in
heme on the various organs may be partly related to a differenti@so-occlusive events in sickle cell dise&38 During heme
heme uptake by the various organs. lytic events, a sudden local increase in heme might overwhelm

HO-1 is also induced during the resolution of inflammatorjpeme-hemoglobin scavengers and HO, leaving them unable to
processes and may act as a feedback mechanism. Augmentatiomeaftralize the oxidative and inflammatory effects of hemoglobin-
HO-1 expression by gene transfer provides cellular resistaniceme and resulting in locally enhanced adhesion molecule
against hemoglobin—heme toxic®/?>We have previously shown expression, recruitment of inflammatory cells, and vascular
that HO activity diminishes adhesion molecule expression.dysfunction. This is exemplified by hemophilic hemarthrosis, in
Antisense strategies demonstrated that mainly the HO-1 isoformaibich blood cells entering the synovial space cause inflamma-
responsible for the down-regulation of these proinflammatotpry complications and damage to the joifit$8A proinflamma
gene<8 Thus, down-modulation of adhesion molecule expressidory role for heme is further supported by clinical observations
may be part of the mechanism by which HO-1 functions in thef thrombophlebiti&® after the administration of heme in
resolution of inflammatory processes. Recent evidence suggestsitealthy volunteers, demonstrating that heme can cause vascular
involvement of the HO-1 downstream mediators carbon monoxid&flammation followed by vascular obstruction in vivo. In
and biliverdin/bilirubin in signal transduction pathways, such aaddition, strenuous exercise can elicit muscle or soft tissue
p38 mitogen-activated protein kina¥eWe are investigating injury accompanied by myoglobinuria and inflammatory re-
whether HO-1 overexpression down-modulates proinflammatasponse®-71and activation of granulocyte3.
gene expression by interfering with NéB translocation, analo- Although large amounts of heme act as pro-oxidative and
gous with NO and antioxidant:58 proinflammatory modulators, other studies suggest that low concen-

It was also demonstrated that HO activity is crucial for the fastations of heme may be protective through the fast up-regulation of
clearance of heme from the circulation. In addition, the inhibitiorlO-12930 Future studies are warranted to determine this dual
of HO activity dramatically increased heme-induced leukocyteharacter of heme and whether preinduction and priming of the
infiltration into the liver and pancreas, suggesting that HO antagantioxidative—anti-inflammatory effects of the HO system can
nizes the inflammatory actions of heme. Interestingly, hemm@otect the body from severe insults, such as inflicted by hemoglo-
breakdown products appear to mediate a down-regulation lmfi-heme.
low-density, lipoprotein-mediated monocyte chemota%i©ur The novel model we propose (Figure 9) explains the clinically
data suggest that HO activity acts in a similar fashion in inhibitingbserved inflammatory manifestations accompanied by increased
heme-mediated granulocyte chemotaxis. free heme levels. The observation that heme combines oxidative

Hancock et df elegantly demonstrated that HO activity isand inflammatory actions in vivo suggests that vascular heme
crucial for successful organ transplantation; organs not expresauses endothelial cell injury, leading to inflammatory lesions and
ing HO-1 are rejected and develop microvascular dysfunctighe formation of vascular inflammatory disorders. Our findings
and arteriosclerosis. Ischemia-reperfusion injury is thought suggest an important contribution of heme to inflammation. On the
play a major role in the pathogenesis of transplant rejeonother hand, HO activity is crucial in antagonizing heme-induced
Based on our data, the elevated release of denatured hemopftects and protecting tissues from oxidative and inflammatory
teins, derived from injured cells, may form a major factor in thasults. The previously unrecognized inflammatory properties of
initiation or progression of inflammation during these processéeme and the attenuating role of HO may form the basis for the
and increase immune cell influx or activity after celluladevelopment of alternative approaches in controlling inflammation.
damage, whereas HO activity prevents or ameliorates heme-
induced inflammatory actions through the generation of its
downstream anti-inflammatory effector molecules carbon mogcknowledgments
oxide and biliverdin/bilirubin.
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