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Heme oxygenase-2 gene deletion increases astrocyte
vulnerability to hemin
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Abstract

In a prior study, we observed that heme oxygenase-2 gene deletion protected murine cortical neurons from heme-mediated injury.

In the course of these studies, constitutive HO-2 expression was observed in astrocyte cultures. The present study tested the hy-

pothesis that astrocytes lacking the HO-2 gene would be less vulnerable to heme. Contrary to this hypothesis, gene deletion resulted

in a 50–75% increase in cell death after 6 h exposure to 30 or 60lM hemin, as measured by LDH release. A similar effect was

observed when cell viability was assessed with the MTT assay. HO-2 gene deletion did not alter cellular expression of HO-1. The

increased sensitivity of knockout astrocytes to hemin was reversed by increasing HO-1 expression by adenoviral gene transfer. These

results suggest that heme oxygenase protects astrocytes from heme-mediated oxidative injury and highlight the disparate effect of

HO in neurons and astrocytes.

� 2004 Elsevier Inc. All rights reserved.
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The rate-limiting reaction in the metabolism of heme

to bilirubin, iron, and carbon monoxide is catalyzed by

the heme oxygenases (HO). Three isoforms have been

identified in mammalian cells, which are encoded by
separate genes. HO-1 is inducible, and in health is ex-

pressed predominantly by reticuloendothelial cells [1]; it

is upregulated in most tissues by hemolysis and nu-

merous other toxic perturbations to eliminate poten-

tially toxic heme [2–4]. HO-2 is constitutively expressed,

predominantly in brain, testis, and endothelium [5,6].

HO-3 is not yet well characterized, but appears to have

lower activity than the other isoforms [7]. The redun-
dancy and widespread distribution of the heme oxy-

genases are consistent with the diverse functions

hypothesized for these enzymes. To date, experimental

studies have suggested that HO mediates or modulates

neurotransmission [8], inflammation [9], vasomotor tone

[10], and antioxidant defense [11,12], in addition its

originally described role in hemoglobin catabolism [13].

HO activity is relatively high in the CNS, and in
health is due predominantly to the constitutive expres-
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sion of HO-2 [14]. Little is known of the availability of

its preferred substrate under normal conditions, but gi-

ven the toxicity of free heme it is likely to be tightly

regulated. This homeostasis is markedly disrupted by
CNS hemorrhage. Since each hemoglobin molecule has

four heme groups, the total heme content of blood is

8–10mM. Extravascular erythrocytes lyse in the CNS

via a complement-mediated mechanism [15]. The sub-

sequent autoxidation of hemoglobin to methemoglobin

decreases the affinity of the molecule for its heme moi-

eties, resulting in its release [16]. In experimental he-

matomas, the concentration of free hemin, the oxidized
form of heme, has been determined to be in the high

micromolar range [17]. Growing evidence suggests that

hemin toxicity contributes to injury to tissue adjacent to

a hematoma [18,19].

Although the preponderance of evidence suggests

that HO protects CNS cells from oxidative injury, dis-

parate results have been reported in models that are

relevant to CNS hemorrhage. Both Wagner et al. [20]
and Huang et al. [18] have observed that nonselective

HO inhibitors attenuated edema formation and hema-

toma volume in rodent and pig models of intracerebral

hemorrhage. Since these agents may have nonspecific
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effects that complicate the interpretation of experimental
results [21], we have tested the effect of targeted deletion

of the HO-2 gene on heme-mediated oxidative injury to

CNS cells. In recent studies, we have observed that

neurons derived from mutant mice were resistant to

hemoglobin, but were more vulnerable to non-heme-

mediated oxidative injury [22]. Since iron chelation was

also protective, the toxic product of HO-2 activity in this

model was likely iron. Although HO-2 expression is
considered to be predominantly neuronal [6], in the

course of these studies we also observed its expression in

pure astrocyte cultures, in agreement with a prior report

[23]. The effect of HO on heme-mediated injury may

differ in neurons and astrocytes, since the latter rapidly

increase production of ferritin after hemoglobin or he-

min exposure and so may be better able to sequester iron

[24]. The present study was therefore designed to test the
effect of HO-2 gene deletion on heme-mediated injury to

astrocytes.
Materials and methods

HO-2 knockout mice. All mice were obtained from our breeding

colony and kept under standard conditions with a 12 h light/dark cycle,

and allowed food and water ad libitum. HO-2 deficient mice with a

C57BL/6 X 129/Sv background were generated by targeted disruption

of the HO-2 gene as described elsewhere [25]. All breeding mice were

the product of heterozygous matings. Animal care and treatments were

in accordance with guidelines as described in “Principles of Laboratory

Animal Care” (NIH publication No. 80-23, revised 1996) and ap-

proved by the Institutional Animal Care and Use Committee. Geno-

type was determined by polymerase chain reaction (PCR) using

genomic DNA isolated from tail clippings, using previously published

primers [22].

Culture preparation and hemin exposure. Cortical astrocyte cultures

were prepared from 1 to 3 day postnatal wild type or HO-2 knockout

mice. Cerebral cortices were dissected out and incubated for 50min in

0.09% trypsin. After dissociation by trituration, the cell suspension was

diluted in plating medium containing Eagle’s minimal essential me-

dium (MEM), 10% fetal bovine serum (Hyclone), 10% equine serum

(Hyclone), 10 ng/ml epidermal growth factor (Sigma), 23mM glucose,

and 2mM glutamine. Plating density was 1.0 dissociated hemisphere

per 24-well plate. Cultures were incubated at 37 �C in a humidified 5%

CO2-containing atmosphere. Two-thirds of the medium was changed

at 5 days in vitro (DIV) with medium containing MEM, 23mM glu-

cose, 2mM glutamine, and 10% equine serum. Cultures were then fed

twice weekly thereafter. The day prior to experiments, cultures were

fed with MEM containing 10mM glucose (MEM10), without serum.

Experiments were conducted after DIV 21. By this time, a confluent

monolayer of cells is present, and over 95% are immunoreactive to

antibodies raised against glial fibrillary acidic protein. Cultures were

exposed to hemin in serum-free MEM10. Hemin was prepared as a

1mM stock solution that was stored frozen until used. It was added

directly to MEM10 at defined concentrations.

At the end of the exposure period, all cultures were examined under

phase contrast microscopy. Cell injury was then quantified using two

established methods: the MTT assay and LDH release assay. MTT

assay is based on the reduction of the yellow tetrazolium salt MTT (3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) to for-

mazan by metabolically active cells. At defined time points, cultures

were exposed to a solution of MTT (0.025% in MEM10) for 10min at

37 �C. An indigo-blue formazan precipitate was then visible in the
monolayer. After aspiration of medium, it was extracted from cells

with 250ll isopropyl alcohol containing 0.04N HCl. Absorbance of

the resulting solution was measured in a microplate reader (Molecular

Devices) at 562 nm with a reference wavelength of 650 nm. MTT re-

duction associated with 100% cell viability was determined from sister

cultures subjected to medium exchanges only; data were normalized to

this control.

Cell death was also assessed by assaying LDH activity in the cul-

ture medium at the end of the hemin exposure period, as previously

described [26]. LDH activity associated with 100% cell death was de-

termined from sister cultures treated with 0.3% Triton X-100 for 1 h;

this treatment lyses all cells.

Immunoblotting. Cells were harvested using cell lysis buffer as de-

scribed previously [22]. Proteins (15lg total) were separated on a 15%

polyacrylamide gel and transferred onto a polyvinylidene difluoride

Immobilon-P transfer membrane filter (Millipore) using a semidry

transfer apparatus (Bio-Rad). Nonspecific sites were blocked by in-

cubating with 5% nonfat dried milk powder in buffer containing

20mM Tris, 500mM NaCl, and 0.1% Tween 20 (pH 7.5) for 1 h at

37 �C. Membranes were incubated at 4 �C overnight with a 1:1000

dilution of rabbit anti-HO-1 or anti-HO-2 (Stressgen Biotechnologies,

Victoria, BC, Canada), followed by horseradish peroxidase-conjugated

goat anti-rabbit IgG at 1:2000 dilution at 37 �C for 1 h. Immunore-

active proteins were visualized using Super Signal West Femto Reagent

(Pierce) and Kodak ImageStation 400.

Adenoviral propagation and infection of astrocytes. An adenovirus

containing the coding sequence of the human HO-1 gene (Adv-hHO-1)

was prepared as previously described [27]. A control virus that lacked

the HO-1 gene but that was otherwise identical (Adv-null) was sepa-

rately prepared. Viruses were propagated in HEK 293 cells, and titer

was quantified by cytopathic effect assay. Astrocyte cultures were in-

cubated with virus for 24 h in MEM10 containing 3.3% equine serum.

Data analyses. Data are shown as means�SEM. Each experiment

was carried out in triplicate from two to three dissections. For statis-

tical analyses, one-way analysis of variance (ANOVA) was followed by

the Bonferroni multiple comparison test.
Results

Effect of HO-2 gene deletion on hemin toxicity

Consistent with prior observations [24], continuous
incubation of wild type astrocyte cultures with hemin for

6 h produced cell death, with release of approximately

one-third of culture LDH after exposure to 30–60 lM
(Fig. 1). In cultures prepared from HO-2 knockout mice

and treated concomitantly with the same regimen, a

significantly larger percentage of culture LDH was

released. Inspection of cultures using phase-contrast

microscopy was consistent with this observation (Fig. 2).
In order to assess cell injury by measuring metabolic

activity, other cultures were treated with MTT at the end

of the hemin exposure period. The formazan signal

produced by knockout cultures after exposure to hemin

for 4–8 h was consistently less than that produced by wild

type cultures (Fig. 3), indicating decreased cell viability.

Effect of HO-2 gene deletion on HO-1 expression

In a prior study, HO-1 expression was observed to be

increased in lung tissue from HO-2 knockout mice [12].



Fig. 4. Immunoblots of lysates from wild type and HO-2 knockout

cultures, stained with polyclonal antibodies to HO-1 or HO-2. Relative

density of HO-1 expression in knockout cultures 1.1� 0.04 versus

1.0� 0.098 for wild type cultures (means� SEM, n ¼ 3 each).

Fig. 1. HO-2 gene deletion increases astrocyte vulnerability to hemin.

Cultures (n ¼ 10–12/condition) were treated with indicated concen-

trations of hemin for 6 h. LDH activity (mean� SEM) was then de-

termined in the culture medium, and was scaled to that in sister

cultures treated with 0.3% Triton X-100 for 1 h (¼ 100), which pro-

duces 100% cell lysis. *P < 0:05; ***P < 0:001 versus wild type astro-

cytes treated with same concentration of hemin, Bonferroni multiple

comparisons test.

Fig. 3. Decreased cell viability in HO-2 knockout astrocytes after he-

min exposure, quantified by MTT assay. Cultures (n ¼ 8–12/condition)

were treated with 30 lM hemin for indicated interval. MTT reduction

is scaled to that in sister cultures that were subjected to media changes

only (¼ 100). **P < 0:01, ***P < 0:001 versus mean in wild type as-

trocytes treated with same concentration of hemin, Bonferroni multi-

ple comparisons test.
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In order to determine if this compensatory effect also

occurred in murine astrocytes, HO-1 expression was

investigated by Western blot analysis. No difference in

HO-1 expression was observed in lysates from wild type

and knockout cultures (Fig. 4).

Effect of HO-1 gene transfer on vulnerability of knockout

cultures to hemin

We hypothesized that the vulnerability of astrocytes
in knockout cultures could be attenuated by increasing

HO expression prior to hemin exposure. We therefore

pretreated cells with an adenoviral vector that encodes

the human HO-1 gene (adv-hHO-1) [27]. An increase in

HO-1 expression was observed when cultures were

treated with 10–100 MOI (multiplicity of infection) of
Fig. 2. Morphology of knockout and wild type cultures after hemin treatm

knockout cultures (E–H) treated for 6 h with the following hemin concentrati

bar¼ 100lm.
this virus (Fig. 5). No increase was detected when

cultures were treated with a control virus that was

identical to adv-hHO-1 except that it lacked the HO-1

gene (adv-null).

Consistent with prior results, treatment with 30 lM
hemin for 6 h resulted in death of about half of astro-

cytes that had not been pretreated with any virus. Most

of this injury was prevented in cultures that had been
ent. Phase-contrast photomicrographs of wild type (A–D) and HO-2

ons: (A,E), 0lM; (B,F), 10lM; (C,G), 30lM; and (D,H), 60lM. Scale



Fig. 5. Adenoviral transfer of the human HO-1 gene increases HO-1

expression in HO-2 knockout astrocytes. Cultures were treated with

indicated doses (multiplicity of infection) of Adv-hHO-1 (H) or control

adenovirus (Adv-null, N) for 24 h. Density values are expressed as

means�SEM of three experiments and are scaled to that in controls

exposed to culture medium only (¼ 1). Equal loading of the experi-

mental samples was verified with Coomassie blue.

Fig. 6. HO-1 gene transfer reduces HO-2 knockout astrocyte death

after hemin exposure. Cultures were treated with 100 MOI of either

Adv-hHO-1 or Adv-null; additional controls were sister cultures in-

cubated in culture medium only (no virus). After 24 h, the cultures

were treated with 30 or 60 lM hemin for 6 h. ***P < 0:001 versus

cultures treated with hemin without virus pretreatment.
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pretreated with 100 MOI of adv-hHO-1 (Figs. 6 and 7);

pretreatment with adv-null had no effect. Significant but

moderate cytoprotection was also observed when the

hemin concentration was increased to 60 lM.

Effect of HO-2 gene deletion on iron toxicity

In a prior study, we observed that HO-2 gene deletion

increased the vulnerability of neurons to iron, while
decreasing their vulnerability to heme-mediated injury.

In contrast to neurons, wild type astrocytes are resistant

to iron (unpublished observations). However, in order
to determine if HO-2 gene deletion increased iron vul-
nerability, cultures were exposed to ferrous sulfate at the

same concentrations that are highly toxic to neurons

(Table 1). No cell injury was observed.
Discussion

In a prior study, we observed that heme oxygenase-2
gene deletion protected murine cortical neurons from

heme-mediated oxidative injury [22]. The present study

was designed to test the hypothesis that the same effect

would be observed in cultured astrocytes. Contrary to

this hypothesis, cultured astrocytes from mutant mice

were actually more vulnerable to hemin. These divergent

results suggest that HO alters the vulnerability of CNS

cells to heme in a manner that depends on cell type. The
effect of HO-2 gene deletion in astrocytes was less pro-

nounced than in neurons [22], perhaps due to the pro-

tective effect of rapid HO-1 induction in astrocytes

exposed to hemin [28].

Heme oxygenase catalyzes the conversion of hemin, a

lipid soluble oxidant, to products that are biologically

active. Its net effect on cell injury after hemin exposure is

likely a complex function of the rate of formation of
breakdown products and their beneficial or toxic effects.

Bilirubin is an antioxidant that can protect CNS cells

from oxidative stress [29]. However, at high concentra-

tions it is toxic, and in the CNS it mediates the neonatal

neurodegeneration of kernicterus; astrocytes are rela-

tively resistant to this injury [30]. Free iron is an oxidant

that initiates lipid peroxidation chain reactions via the

Fenton reaction, or by decomposing membrane lipid
peroxides to alkoxy- or peroxy radicals [31]. However,

by inducing ferritin synthesis, it may indirectly protect

some cell types from oxidative injury [24,32]. Carbon

monoxide at physiologic concentrations serves as a

gaseous neurotransmitter [8]; however, it also binds

nonspecifically to hemoproteins including cytochrome

C-oxidase [33]. Inhibition of the latter may contribute to

the pathogenesis of exogenous carbon monoxide poi-
soning [34].

Hemin accumulates in cell membranes [35], where it is

a very effective catalyst of lipid peroxidation chain

reactions [36]. Its iron is essential for this effect, since

iron-free protoporphyrin IX is nontoxic, while lipid-

soluble iron chelators markedly reduce its toxicity [26].

Although astrocytes were vulnerable to low micromolar

concentrations of hemin in this study, no injury was
observed when they were exposed to identical concen-

trations of ferrous sulfate. The benefit of heme oxy-

genase to astrocytes exposed to hemin may be due at

least in part to conversion of its iron to a water-soluble

form. Ferritin synthesis induced by high cytoplasmic

iron levels would then allow its sequestration, reducing

its participation in free radical reactions [37].



Fig. 7. Effect of HO-1 gene transfer on vulnerability of HO-2 knockout astrocytes to hemin. Phase-contrast photomicrographs of cultures treated as

follows: (A) control culture subjected to medium changes only; (B) treated with hemin 30lM for 6 h, without virus pretreatment; (C) pretreated with

empty adenovirus (Adv-null) 100MOI for 24 h and then treated with hemin as in B; and (D) treated with 100MOI of adenovirus encoding human

HO-1 gene and then treated with hemin. Scale bar¼ 100lm.

Table 1

Astrocytes are not injured by ferrous sulfate

Means�SEM (WT) Means� SEM (KO)

Fe10 99.65� 3.79 104.05� 4.49

Fe30 98.74� 5.51 108.98� 4.80

Fe60 98.14� 4.96 109.31� 4.48

Medium 100.00� 6.10 100.00� 2.14

Cell viability as measured by MTT assay in cultures treated with

indicated concentrations (lM) of ferrous sulfate for 6 h, scaled to that

in sister cultures exposed to culture medium only (¼ 100).
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In contrast to astrocytes, neurons are injured by

exposure to low concentrations of inorganic iron, with
an EC50 in primary cortical cultures of approximately

10 lM [22]. The disparate effect of HO-2 gene deletion

in neurons and astrocytes may be explained by the

inability of cultured neurons to tolerate these low iron

concentrations. The molecular basis for this phenom-

enon has not been precisely defined and is likely

multifactorial. Compared with astrocytes, neurons

have considerably lower glutathione levels and so are
more vulnerable to oxidative injury in general [38].

They are also more dependent on membrane gluta-

mate transporters and cation pumps for termination of

depolarization and maintenance of ionic gradients;

these proteins are highly vulnerable to iron-mediated

oxidation [39–41]. In addition, although neurons con-

stitutively express ferritin, it is rich in H-subunits, re-

sulting in a lower iron binding capacity and a
tendency to aggregate and precipitate with iron load-

ing [42,43].

Besides catalyzing heme breakdown, HO-2 is a

hemoprotein that may bind two heme moieties at

heme regulatory motifs [44]. It is therefore possible

that the cytoprotection provided by HO-2 in this

model is due to heme chelation, in a manner analo-
gous to the protective effect of hemopexin [45]. Al-

though a contribution by this mechanism cannot be

excluded, it is noteworthy that the increased injury in

HO-2 knockout cells was reversed by adenoviral

transfer of the HO-1 gene and subsequent increase in

HO-1 expression. Unlike HO-2, HO-1 lacks heme

regulatory motifs and does not bind additional heme

moieties [46].
Since heme oxygenase has opposite effects on heme-

mediated injury in neurons and astrocytes, nonselective

inhibition or induction of these enzymes may have

limited therapeutic potential after CNS hemorrhage.

HO inhibitors, e.g., may decrease neuronal injury but

may worsen injury to astrocytes. Optimal treatment may

require a strategy that increases astrocyte HO expres-

sion, while decreasing it or selectively inhibiting it in
neurons. Although HO-2 is expressed in these astrocyte

cultures, it has predominantly been observed in neurons

in vivo [47], while HO-1 is induced in glial cells in re-

sponse to hemorrhage, ischemia, and trauma [48,49]. A

selective HO-2 inhibitor may be effective, but at the

present time does not exist, and the similarity of HO-1
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and HO-2 at their catalytic sites suggests that its devel-
opment may be difficult [50]. Transfer of HO genes in

sense or antisense orientation under the control of a cell

type-specific promoter may permit increased expression

in glial cells while decreasing it in neurons. CNS hem-

orrhage may be quite amenable to such genetic ap-

proaches, since growing evidence suggests that partial

hematoma aspiration may have therapeutic benefit [51].

During this stereotactic procedure, injection of viral
vectors encoding an HO isoform or other genes may

attenuate heme-mediated injury to adjacent tissue.

Further investigation of methods to optimize HO

expression after CNS hemorrhage seems warranted.
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