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Abstract

The heme oxygenase (HO) enzymes catalyze the rate-limiting step of heme breakdown. Prior studies have demonstrated that the
vulnerability of neurons and astrocytes to hemoglobin is modified in cells lacking HO-2, the constitutive isoform. The present study
assessed the effect of the inducible isoform, HO-1. Wild-type astrocytes treated for 3—5 days with 3-30 pM hemoglobin sustained no loss
of viability, as quantified by LDH and MTT assays. The same treatment resulted in death of 25-50% of HO-1 knockout astrocytes, and a
4-fold increase in protein oxidation. Cell injury was attenuated by transfer of the HO-1 gene, but not by bilirubin, the antioxidant heme
breakdown product. Conversely, neuronal protein oxidation and cell death after hemoglobin exposure were similar in wild-type and HO-
1 knockout cultures. These results suggest that HO-1 induction protects astrocytes from the oxidative toxicity of Hb, but has no effect on

neuronal injury.
© 2006 Elsevier Inc. All rights reserved.
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Hemoglobin (Hb) is the most abundant protein in
blood, where it is present at a concentration of 2-2.5 mM
in the healthy adult. After CNS hemorrhage, some of this
Hb enters the extracellular space due to erythrocyte lysis,
which may be mediated by complement activation [1].
Although small quantities of free Hb may be removed by
binding to its transport protein haptoglobin [2], deposition
of iron in tissue surrounding experimental hematomas is
consistent with local catabolism. A growing body of evi-
dence suggests that free heme, iron, and perhaps other
Hb degradation products may contribute to oxidative inju-
ry after hemorrhagic insults [3].

Breakdown of the heme moieties of Hb is catalyzed by
the heme oxygenase (HO) enzymes, yielding iron, carbon
monoxide, and biliverdin. Two isoforms have been charac-
terized in the CNS. Under normal conditions, HO-1 is
expressed at a very low level, but it is rapidly induced by
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Hb, heme, and various oxidants [4]. HO-2 is constitutively
expressed, primarily by neurons [4], although it also has
been detected in cultured astrocytes and endothelial cells
(5,6].

The consequence of heme breakdown by the heme oxy-
genases has been investigated in several CNS injury models,
which have used pharmacologic or genetic approaches to
alter HO activity. Somewhat conflicting results have been
reported to date. A beneficial effect of HO has been observed
in models of ischemia and trauma [7-10], and in cultured
astrocytes exposed to hemin [11]; cytoprotection is usually
attributed to conversion of heme to biliverdin [12], which
has an antioxidant effect per se [13], and is rapidly reduced
to the antioxidant bilirubin. Conversely, a pro-oxidant effect
of HO, attributed to iron release [14], has also been observed.
The latter appears to predominate in neurons exposed to Hb
[15-18], which may reflect the relative inability of this cell
type to sequester and detoxify excess iron [19,20].

All studies addressing the effect of HO on Hb toxicity
in CNS cells have used either HO inhibitors or HO-2
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knockout (KO) mice [15,16,18,21]. Unfortunately, both
approaches are somewhat limited by nonspecific effects.
Currently available inhibitors are rather reactive com-
pounds that may enhance the toxicity of oxidants by mech-
anisms unrelated to HO, including inhibition of caspases,
guanyl cyclase, and nitric oxide synthase [22,23]. Models
using HO-2 KO mice are putatively more specific. Howev-
er, it has recently been reported that the HO-2 protein
alters the vulnerability of HEK 293 cells to oxidative injury
by a mechanism that is completely unrelated heme break-
down [24]. Although the molecular basis for this phenom-
enon remains undefined, it is noteworthy that HO-2 binds
heme at two non-catalytic heme regulatory motifs, in addi-
tion to its catalytic site [25]. It is therefore possible that an
alternate function of either mobilizing or sequestering
heme may contribute to its effect on Hb toxicity and other
oxidative injuries.

In order to further investigate the effect of HO on Hb
toxicity in astrocytes and neurons, we have established a
colony of mice lacking the HO-1 gene. In light of our prior
observations using HO-2 KO cells, in the present study we
tested the following hypotheses: (1) HO-1 KO astrocytes
are more susceptible than wild-type (WT) to Hb; (2) HO-
1 KO neurons are less sensitive to Hb.

Materials and Methods

Cell cultures. HO-1 KO mice with a 129/Sv X BALB/c genetic back-
ground were descendants of those generated by Yet et al. [26]. Animal care
and treatments followed guidelines described in “Principles of Laboratory
Animal Care” (NIH publication No. 80-23, revised 1996). Genotype was
determined by PCR analysis of DNA extracted from tail clippings, using
previously published primers [27]. Cortical astrocyte cultures were pre-
pared from 1 to 3 day postnatal HO-1 WT and KO mice, using a culture
method that has already been described [11]. Mixed neuron/astrocyte
cultures were prepared from fetal mice at 15-17 days gestation, also using
a previously detailed method [16]. Genotype of cultures was confirmed by
PCR and immunoblotting.

Hemoglobin exposure. Purified human Hb A was a gift from Hemosol
Corp. (Mississauga, Ontario, Canada). Cultures were washed free of
growth medium, and Hb was added to cultures at defined concentrations
that were diluted in minimal essential medium containing 10 mM glucose.
At the end of the exposure interval, cell viability was quantified with the
MTT and lactate dehydrogenase (LDH) assays, as previously detailed [11].

Detection of protein oxidation. Protein oxidation was assayed using the
Oxyblot kit (Chemicon, Inc., Temecula, CA), which detects oxidatively
generated carbonyl groups. Cells were collected in ice-cold lysis buffer
(210 mM mannitol, 70 mM sucrose, 5 mM Hepes, 1 mM EDTA, 0.1%
sodium dodecyl sulfate, and 0.1% Triton X-100). 2-Mercaptoethanol (1%)
was immediately added to lysates to prevent further protein oxidation.
Carbonyl groups were derivatized to 2,4-dintrophenylhydrazone by reac-
tion with 2.4-dinitrophenylhydrazine, following the manufacturer’s
instructions. Proteins were then separated on a 12% polyacrylamide gel
and were transferred to a PVDF membrane. Carbonylated proteins were
detected with rabbit anti-DNP primary antibody (1:150) followed by goat
anti-rabbit HRP-conjugated secondary antibody (1:300). Immunoreactive
proteins were visualized using Super Signal West Femto Reagent (Pierce)
and Kodak ImageStation 400; lane densities were analyzed with Kodak
1D software.

Adenoviral gene transfer. Preparation of an adenovirus containing the
coding sequence of the human HO-1 gene has been previously described
[28]. Viruses were propagated in HEK 293 cells; titer was quantified by
cytopathic effect assay, using HEK 293 cells exposed to serial dilutions of

virus for 10 days. Prior experiments have determined that optimal trans-
fection in this culture system is accomplished by treatment with a viral
dose of 100 MOI (multiplicity of infection) for 24 h, in medium containing
3.3% equine serum [29]; this method was used exclusively.

Cell hemin assay. Cell hemin content was quantified using the method
of Motterlini et al. [30]. Cells were washed once with 0.75 ml DMEM
(Invitrogen, Grand Island, NY), which was then completely aspirated and
replaced with 200 ul formic acid (Sigma, St. Louis, MO). After 5 min, the
lysate was collected, and its absorbance at 398 nm was determined. Hemin
content was extrapolated from a hemin in formic acid standard curve and
was expressed as nmol/mg protein.

Results
Vulnerability of astrocytes and neurons to hemoglobin

Consistent with prior observations [21], treatment of
WT astrocyte cultures with 3-30 uM Hb for 75-120 h
resulted in no cell injury, as detected by LDH assay
(Fig. 1A). Higher concentrations resulted in Hb precipita-
tion that impeded inspection of the cells and so were not
investigated. In concomitantly treated HO-1 KO cultures,
Hb produced injury within 75 h, which was readily detected
by inspection of cultures, and which was statistically signif-
icant when quantified by LDH assay. This progressed to
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Fig. 1. Effect of HO-1 gene deletion on vulnerability of astrocytes and
neurons to Hb. (A) Mean medium LDH (+SEM, 14-20/condition) in
astrocyte cultures treated for 75-120 h with indicated concentrations of
Hb. LDH values were scaled to those in sister cultures treated with 0.3%
Triton X-100 (=100), which produces 100% cell lysis. (B) Mixed neuron/
astrocyte cultures (27-31/condition) were treated with indicated Hb
concentrations for 24 h. LDH values were scaled to those in sister cultures
treated with 300 uM NMDA, which releases all neuronal LDH without
injuring astrocytes. ***P < 0.001 versus signal in corresponding WT
culture, Bonferroni multiple comparisons test.
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about 50% cell lysis after exposure to 10 uM Hb for 120 h;
however, no cell death was observed at 24 h. Increased
injury in knockout cultures was confirmed with the MTT
assay, which measures the ability of viable cells to reduce
MTT to a colored formazan product (cell viability after
120 h exposure to Hb 10 uM: 94.2 + 8.2% in WT versus
21.4 + 8.3% in KO cultures).

Also consistent with prior observations [16], treatment
of WT mixed neuron/astrocyte cultures with Hb produced
widespread neuronal death by 24 h (Fig. 1B), without mor-
phologic change in the astrocyte feeder layer. KO astro-
cytes in mixed cultures likewise sustained no morphologic
evidence of injury at 24 h; however, neuronal injury, as
assessed by LDH release, was similar to that in WT mixed
cultures. Due to the high background signal from the via-
ble astrocyte monolayer, the MTT assay was not used to
assess cell viability in mixed cultures.

Protein carbonylation is a sensitive marker of oxidation
in this culture system [29]. In both WT and KO astrocyte
cultures, the level of protein carbonyls after medium
exchange only was barely detectable (Fig. 2). A 4-fold
increase was observed in KO astrocyte cultures after 75 h
exposure to 10 uM Hb, which was significantly reduced
in WT cultures. In WT mixed neuron-astrocyte cultures,
a 6.7-fold increase in protein oxidation was observed after
24 h treatment with 10 uM Hb, which was very similar to
that seen in KO cultures.

Since HO-1 had no detectable effect on the neurotoxicity
of Hb in our mixed culture system, additional experiments
were conducted on astrocyte cultures only.

Hb toxicity in HO-1 knockout astrocytes is attenuated by
HO-1 gene transfer

In order to further test the hypothesis that the increased
vulnerability of KO astrocytes was due to HO-1 deficiency,
HO-1 was expressed in KO cells by incubation with 100
MOI of an adenovirus encoding the human HO-1 gene,
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Fig. 2. Hb-induced protein oxidation in HO-1 knockout astrocytes and
neurons. Bars represent mean carbonyl signal intensities (SEM, 4/
condition) from cultures treated with Hb 10 uM for 75 h (astrocytes) or
24 h (mixed), or subjected to media exchange only (wash). ***P < (.001
versus signal in HO-1 knockout cultures treated with Hb.
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Fig. 3. HO-1 gene transfer protects HO-1 knockout astrocytes from Hb.
Cultures (12/condition) were pretreated for 24h with 100 MOI of
adenovirus encoding the human HO-1 gene (HO-1-Hb), control virus
(Null-Hb), or culture medium only, then incubated with 10 uyM Hb for
75 h and 120 h. LDH values were scaled to those in sister cultures treated
with 0.3% Triton X-100 for 1h (=100). ***P <0.001 versus cultures
exposed to Hb with control virus pretreatment or without any virus
treatment.

which produces a 6-fold increase in HO-1 expression in
these cultures [29]. Vulnerability to Hb was markedly
diminished by this pretreatment (Fig. 3), but not by pre-
treatment with a control virus lacking the HO-1 gene.

Increased hemin in HO-1 knockout astrocytes

The heme groups of Hb have a high affinity for globin,
and the likelihood of their release or transfer to other mol-
ecules is negligible [31]. However, at 37 °C, Hb autoxidizes
to methemoglobin, which more readily releases oxidized
heme, also known as hemin, or transfers it to other proteins
and lipids [32]. Since free hemin is a potent oxidant, and is
catabolized primarily by heme oxygenase, we hypothesized
that its accumulation would be greater in knockout astro-
cytes. Consistent with this hypothesis, KO astrocytes
exposed to 10 uM Hb for 24 h had a hemin content of
1.64 4= 0.19 nmol/mg protein, versus 0.86 4= 0.13 nmol/mg
protein in WT astrocytes (P = 0.005, unpaired ¢ test).
Hemin was not detectable by this method in control cul-
tures subjected to medium exchange only.

Bilirubin does not protect knockout astrocytes from Hb

The antioxidant effect of heme oxygenase is often attrib-
uted to increased cell bilirubin. Nanomolar concentrations
of exogenous bilirubin protect HO-2 knockout neurons
from the toxicity of hydrogen peroxide [12]. Its efficacy

Table 1
Bilirubin does not protect HO-1 knockout astrocytes from Hb

LDH release (%) Cell viability (%)

Hb 10 uM 319+£32 57119
Hb + bilirubin 50 nM 322+34 583439
Hb + bilirubin 500 nM 349 £3.0 64.6 + 3.1

HO-1 knockout astrocyte cultures were treated with Hb 10 uM alone or
with indicated bilirubin concentrations for 120 h. Injury was assessed by
LDH release and MTT assays.
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against Hb toxicity in astrocyte cultures was therefore
assessed. Concomitant treatment with 50-500 nM bilirubin
had no effect (Table 1); higher concentrations were toxic.

Discussion

The present results suggest that HO-1 is essential for
astrocyte resistance to Hb. As expected from prior studies,
prolonged (3-5 day) exposure of cultured wild-type astro-
cytes to highly neurotoxic concentrations of Hb produced
no loss of cell viability. Astrocytes from mice that were
genetically identical except that they lacked the HO-1 gene
sustained significant oxidative injury after the same treat-
ment. These results are very similar to those observed when
wild-type astrocyte cultures were treated with Hb in the
presence of HO inhibitors [21], and indicate that the exac-
erbation of injury by these inhibitors was due at least in
part to HO inhibition rather than some nonspecific effect.

However, these results fail to support the hypothesis
that HO-1 knockout neurons are less vulnerable to Hb.
The basis for this hypothesis was our previous observation
that HO-2 knockout neurons were less sensitive to Hb than
their wild-type counterparts, both in cell culture and in vivo
[16,18]. The disparate effect of HO-1 and HO-2 may reflect
a predominance of HO-2 in central neurons after Hb expo-
sure [4,10]. Cultured astrocytes, but not neurons, rapidly
induce HO-1 in response to Hb or hemin, although base-
line expression is similar in both cell types [33]. HO-1
may therefore have little effect on neuronal vulnerability
to Hb because its contribution to overall HO activity is
negligible in this HO-2-expressing cell population. Alterna-
tively, the deleterious effect of HO-2 on Hb neurotoxicity
may be due to another function of this protein that is not
provided by HO-1, specifically heme mobilization. McCou-
brey et al. [25] observed that HO-2 is a hemoprotein that
may bind up to two heme moieties at sites not involved
in heme breakdown, and hypothesized that it may thereby
be involved in physiologic free radical generation and
redox signaling. Under conditions of gross heme excess
after hemorrhage, this binding may contribute to oxidative
stress, and its absence may account for the cytoprotection
provided by HO-2 gene knockout. Further investigation
of this putative function of HO-2 seems warranted. It is
noteworthy, however, that Hb neurotoxicity is iron-depen-
dent, since it is attenuated in cell culture and in vivo by iron
chelators [34,35]. Heme breakdown by HO-2 is therefore
likely to be at least somewhat relevant to heme-mediated
neuronal injury.

Since Hb is a rather poor substrate for HO compared
with hemin [36], the effect of HO-1 on astrocytes suggests
that Hb toxicity may be mediated by hemin transfer to cells
from methemoglobin, rather than by the action of the
intact protein. Evidence for this mechanism is provided
by the observation that hemin accumulates in astrocytes
treated with Hb, and that its level is significantly higher
in HO-1 knockouts. Since hemin, but not free iron, is high-
ly toxic to cultured astrocytes [11], the benefit of HO-1 may

be to prevent cell hemin concentrations from reaching
lethal levels. Other protective effects of HO, such as
increased production of carbon monoxide [37], cannot be
excluded. However, the present data do not support a sig-
nificant contribution from bilirubin in this model.

Although HO-1 knockout astrocytes were injured by
3-5 day Hb treatment, they were considerably more resis-
tant than neurons, most of which are killed by a 24 h expo-
sure to similar Hb concentrations. This is not surprising,
since cultured neurons are fastidious cells that are injured
more rapidly than astrocytes when subjected to a variety
of oxidative insults [38,39]. The greater vulnerability of
neurons to Hb, compared with wild-type or mutant astro-
cytes, is likely due to both their lower level of endogenous
antioxidants and their greater dependence on the function
of membrane cation pumps, which are readily inactivated
by oxidative stress [40,41].

These results suggest that nonselective HO inhibitors,
which are active against both HO-1 and HO-2, may increase
oxidative injury to astrocytes after CNS hemorrhage, par-
ticularly with prolonged use. They also suggest that selec-
tive inhibition of HO-2, if feasible, would provide
maximal neuroprotection, while mitigating the pro-oxidant
consequences of mnonselective inhibitors on astrocytes.
Although several studies have demonstrated the efficacy
of nonselective inhibitors against the toxicity of intracere-
bral blood or Hb in vivo [15,17,42], an adverse effect may
be difficult to detect in rodent or other small animal models,
since the ratio of astrocytes to neurons in these species is a
fraction of that of the human brain [43]. Further investiga-
tion in large animal models, with administration for thera-
peutically relevant durations, seems advisable prior to any
clinical trials of HO inhibitors after CNS hemorrhage.
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