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ABSTRACT Heme oxygenase (HO) catalyzes the conver-
sion of heme to carbon monoxide, iron, and biliverdin, which is
immediately reduced to bilirubin (BR). Two HO active isozymes
exist: HO1, an inducible heat shock protein, and HO2, which is
constitutive and highly concentrated in neurons. We demon-
strate a neuroprotective role for BR formed from HO2. Neuro-
toxicity elicited by hydrogen peroxide in hippocampal and cor-
tical neuronal cultures is prevented by the phorbol ester, phorbol
12-myristate 13-acetate (PMA) via stimulation of protein kinase
C. We observe phosphorylation of HO2 through the protein
kinase C pathway with enhancement of HO2 catalytic activity
and accumulation of BR in neuronal cultures. The neuroprotec-
tive effects of PMA are prevented by the HO inhibitor tin
protoporphyrin IX and in cultures from mice with deletion of
HO2 gene. Moreover, BR, an antioxidant, is neuroprotective at
nanomolar concentrations.

Heme oxygenase (HO) catalyzes the cleavage of the heme ring
to form ferrous iron, carbon monoxide, and biliverdin. Biliv-
erdin (BV) is rapidly reduced by biliverdin reductase to
bilirubin (BR) so that in intact tissues, BV rarely accumulates
and the physiologic product of HO is generally thought to be
primarily BR. Two principal forms of HO have been distin-
guished and molecularly cloned (1). HO1 is an inducible
enzyme, also designated as heat shock protein-32, with new
HO1 protein synthesis elicited by multiple stimulants (espe-
cially those associated with red blood cell damage, such as
heme and other porphyrins). HO1 is concentrated in tissues
such as the spleen and liver, which degrade heme from aged
red blood cells. By contrast, HO2 is constitutive and most
concentrated in the brain and testes (2), accounting for the
great majority of HO activity in the brain (1). Evidence
suggests that HO2, localized to selective neuronal populations
(1, 3), plays a major role in neuromodulatory activities, with
CO participating as a putative neurotransmitter. Thus, HO2
mRNA (3) and protein (2) are selectively concentrated in
discrete neuronal populations, although most, if not all, neu-
rons do possess HO2. A role for CO as a neurotransmitter is
best supported by studies of neurotransmission in the intestine.
About 70% of neurons of the myenteric plexus stain for HO2,
with the same population of neurons staining for neuronal
nitric oxide synthase (nNOS) (4). Nonadrenergic, noncholin-
ergic transmission elicited by electrical field stimulation of the
myenteric plexus is substantially reduced in mice with targeted
deletion of HO2 (HO22y2) (4).

Although HO gives rise to three products, most research has
focused on CO. BR elicits substantial antioxidant effects and is
probably the most abundant endogenous antioxidant in mamma-
lian tissues (5–7). We wondered whether generation of BR by HO
is neuroprotective. In the present study, we demonstrate that

phorbol esters are neuroprotective in neuronal cultures by acti-
vating protein kinase C (PKC). The neuroprotective effects
involve HO2, as they are abolished in cultures from HO22y2 mice
and by HO inhibitors. Moreover, low nanomolar concentrations
of BR are neuroprotective. We also show that PKC phosphory-
lates HO2 and stimulates enzyme activity, providing a potential
mechanism for neuroprotection.

MATERIALS AND METHODS
Rat Primary Hippocampal and Cortical Neuronal Cultures

and Survival Assays. Knowing that the HO2 expression is
enriched in the pyramidal cell layer of the hippocampus forma-
tion (3), we prepared cultures of hippocampal and cortical
neuronal cells isolated from 17-day-old embryos of timed preg-
nant Sprague–Dawley rats and wild-type and HO22y2 mice (8).
Neurons were cultured in serum-free conditions with the B-27
supplement as described (9, 10), cultured at high density (1.75 3
106 cells per well, 24 wells per plate). Experiments were per-
formed after 7 days in vitro.

H2O2-Induced Toxicity in Cultured Neurons. H2O2 was freshly
diluted in the culture medium and immediately added to the cells.
All experiments were conducted under dim light to avoid heme
pigment photodegradation. BR was freshly dissolved in NaOH
(0.1 M:50 mM) at a concentration of 1 mM. Human serum
albumin was mixed at a ratio of 1:5 following the protocol
established by Neuzil and Stocker (11, 12).

Immunocytochemistry for Bilirubin. BR antibody was ob-
tained by coupling the BR to BSA by using the 1-(ethyl-3-[3-
dimethylaminopropyl] carbodiimide hydrochloride) (EDC)
cross-linker, similarly to Okamura et al. (13) and was injected
to rabbits by Cocalico (Reamstown, PA). The antiserum was
purified on a column containing the BR–EDC coupled to
thyroglobulin (TGB; Sigma). The purified antibody showed
strong immunoreactivity by dot blot analysis to both BR–BSA
or and BR–TGB. The antibody did not react with BSA alone
or BSA treated with EDC. Preabsorption with heme–BSA or
BV–BSA did not change the signal obtained.

Cells were rinsed with ice-cold PBS and then fixed with 6%
EDC (Pierce) at 4°C for 2 h. Cells were washed with PBS,
incubated with 0.1% Triton X-100 for 15 min at room temper-
ature, and washed with PBS. Cells were preincubated for 1 h with
4% NGS in PBS and incubated with the anti-BR in 2% NGS for
2 h at room temperature. Cells were then washed and incubated
with the secondary antibody and developed.

Establishment of Human Embryonic Kidney (HEK) 293 Cell
Lines Overexpressing Human Cytochrome P450 Reductase
(CPR) with hHO1 or hHO2. CPR, hHO1, and hHO2 were
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subcloned into cytomegalovirus-based expression vector PRK5
(15). By using pRSV neo as a marker, CPR construct was stably
transfected into HEK 293 cells (16), and cells were maintained in
DMEM-fetal calf serum with G418. Human HO1 or HO2 were
stably expressed in 293-CPR cells by cotransfection with
pZeoSV2 (Invitrogen), resulting in 293-HO1 and 293-HO2 cell
lines maintained in medium containing G418 and Zeocin (In-
vitrogen). HO activity (see below) was increased by approxi-
mately 10- and 6-fold in the 293-HO1 and 293-HO2 cell lines,
respectively. The basal level of HO1 and HO2 is barely detectable
under normal conditions by using standard Western blot proto-
cols.

HO Assay. HO activity was measured by the release of free 55Fe
from [55Fe]mesoporphyrin (NEN) as previously described (4),
with the following modifications: the reaction buffer was Hepes
50 mM (pH 7.4)y1 mM EDTA; the reaction was stopped with the
addition of cold tin protoporphyrin IX (SnPPIX) at a final
concentration of 10 mM, and the washing buffer on column was
50 mM Hepes (pH 7.4)y1 mM EDTAy1 M NaCl.

In Vitro Phosphorylation of hHO2. Gltuathione S-transferase
(GST)–hHO2 was ligated to GST fusion vector pGEX-4T-2
(Amersham Pharmacia). The fusion GST–HO2 protein was then
purified from Escherichia coli. After isolation on glutathione
agarose, purity and immunoreactivity of GST–HO2 were con-
firmed by SDSyPAGE and Western Blot analysis. For the in vitro

phosphorylation assays, 1 mg of GST–HO2 was incubated with
250 mM MgATP (1,000 cpmypmol; [32P]ATP, NEN) and 0.05 mg
of purified PKC (Calbiochem), 1 mM CaCl2, and 4:1 phosphatidyl-
serineydiacylglycerol (Avanti Polar Lipids) as described (17).
Phosphorylation was analyzed after SDSyPAGE, autoradiogra-
phy, and radioactive counting.

Phosphorylation of HO2 in Htk-293 Cells. HO1 and HO2
cell lines were incubated for 90 min with artificial cerebrospi-
nal f luid modified from Quinlan and Halpain (18). Cells were
solubilized in cold immunoprecipitation buffer (50 mM
TriszHCl, pH 7.4y150 mM NaCly5 mM EDTAy1% Triton
X-100y0.1 mM phenylmethylsulfonyl f luoridey1 mM okadaic
acidy25 mM NaFy1 mM orthovanadate) before immunopre-
cipitation.

RESULTS
Phorbol Esters are Neuroprotective for Primary Hippocampal

and Cortical Neuronal Cultures. In preliminary studies, we noted
that phorbol ester treatment augments HO2 activity (19). To
explore a possible association of HO2 and neurotoxicity, we
examined the influence of PMA on H2O2-elicited neurotoxicity
in primary neuronal cultures (Fig. 1). In both hippocampal and
cortical cultures (Fig. 1 A and B), H2O2 kills neurons with a
concentration-response dependency. At 0.1, 0.3, and 0.5 mM,
PMA markedly protects against this toxicity. Hippocampal neu-

FIG. 1. Neuroprotective effect of PMA against H2O2-induced toxicity on rat primary neurons. Rat primary neurons were exposed to oxidative
stress injury induced by H2O2 (75 mM), and neuron survival was estimated 24 h after the beginning of the experiment (A and B).
Concentration-dependent biological effects of PMA were observed against H2O2 toxicity when PMA was added 24 h before exposure of H2O2 on
hippocampal (A) and cortical (B) neurons. In C, hippocampal neurons were pretreated with PMA (0.1 and 1.0 mM) before the addition of different
concentrations of H2O2 (30, 100, and 300 mM). Western blot analysis showed the expression of PKC in hippocampal neuronal cultures after PMA
treatment (D). (E) An inactive enantiomer of PMA, 4a-PMA, was added in the same conditions as for PMA. Hippocampal neurons were treated
by using identical conditions as described above and 5.0 mM of the HO inhibitor (SnPPIX) was added at the same time as PMA. (F) The effect
of a PKC inhibitor, bisindolylmaleimide, on the neuroprotective effect of PMA in hippocampal neuronal cultures.
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rons are slightly more responsive than cortical neurons to PMA’s
neuroprotective effect, which may reflect the high levels of HO2
in hippocampal neurons (Fig. 1 A and B). The neuroprotective
effect of PMA is most evident at 75–100 mM H2O2, whereas PMA
fails to protect against 300 mM H2O2 (Fig. 1C). At 1.0 mM, PMA
is not neuroprotective (Fig. 1C), which may reflect down-
regulation of PKC by high concentrations of phorbol esters (20).
To investigate this possibility, we conducted a Western blot
analysis for PKC in hippocampal cultures treated with different
concentrations of PMA (Fig. 1D). PKC levels are reduced at 0.3
mM PMA and abolished at 1.0 mM. This fact could explain the
inability of 1.0 mM PMA to provide neuroprotection and further
substantiates stimulation of PKC as a mechanism for neuropro-
tection by PMA. A phorbol ester that does not activate PKC,
4a-PMA, provides no neuroprotective effect (Fig. 1E). Addition-

ally, bisindolylmaleimide, a potent PKC inhibitor (21), reverses
the protective effects of PMA (Fig. 1F). Effects are evident with
nanomolar concentrations of bisindolylmaleimide, concentra-
tions at which PKC is selectively inhibited.

Phorbol Ester Neuroprotection Is Mediated by HO2. To
investigate the possibility that PMA neuroprotection involves HO
activity, we examined the influence of a variety of metal-
loporphyrin inhibitors of HO on PMA neuroprotection in fetal
rat hippocampal cultures. At 5 mM, SnPPIX reverses the neuro-
protective effects of PMA (Fig. 1E). MnPPIX and zinc deutero-
PPIX similarly reverse the neuroprotective effects of PMA.
SnPPIX, MnPPIX, and zinc deuteroPPIX are all known HO
inhibitors (22–24). PPIX alknoe, which does not inhibit HO, fails
to reverse the neuroprotective effects of PMA (data not shown).
None of these agents elicit neurotoxicity by themselves in control
cultures.

Western blot analysis revealed no changes in CPR and BV
reductase levels after treatment with PMA (0, 0.1, and 1.0 mM)
(data not shown). At high concentrations, metalloporphyrins can
influence a variety of enzymes, such as NOS and guanylyl cyclase
(24, 25). However, at the low concentrations employed in this
study these compounds are selective for HO (23). nNOS probably
does not participate in the PMA neuroprotective effect, because
under our cultured conditions nNOS is barely detectable by
Western blot analysis and the NOS inhibitor 7-nitroindazole fails
to affect PMA’s neuroprotective action (data not shown).

To discriminate between HO1 and HO2, we employed neu-
ronal cultures from HO22y2 mice (Fig. 2). First, we ascertained
that H2O2 toxicity to hippocampal cultures and protection by
PMA are similar in mice and rats (Fig. 2A). In the mice (as in the
rats), H2O2 toxicity is concentration-dependent, with a '60%
decrease in neuronal survival at 100 mM H2O2. Also, in mice and
in rats, PMA provides pronounced protection at 0.1 mM, with no
protection at 1.0 mM. All concentrations of H2O2 examined (60,
80, and 100 mM) elicit substancially greater toxicity in HO22y2

than in control cultures, consistent with a neuroprotective action
of endogenous HO2. In striking contrast to the wild-type cultures
(Fig. 2B), 0.1 mM PMA fails to provide any protection in the
HO22y2 cultures. The abolition of PMA neuroprotective effects
in HO22y2 cultures establishes that HO2 is the primary, if not the
sole, mediator of PMA’s neuroprotective actions.

PMA Stimulates HO2 Activity by PKC Phosphorylation.
How might PMA elicit neuroprotection via HO2? Might PKC
phosphorylate (and thus activate) HO2? To examine this
possibility, we evaluated the effects of purified PKC on
GST–HO2 in the presence of [32P]ATP and found a time-
dependent phosphorylation of HO2 (Fig. 3A).

To explore whether HO2 is phosphorylated in response to
PMA in intact cells, we utilized HEK 293 cells stably transfected
with CPR, along with either HO1 or HO2 (Fig. 3B; Table 1). In
one set of experiments, we incubated the cells with
[32P]orthophosphate, immunoprecipitated HO2, and monitored
radiolabeling in HO2 purified by gel electrophoresis in prepara-
tions from cells treated with 0.1 mM PMA or matched controls
(Fig. 3B, Upper). PMA treatment produces a '1.7-fold increase
in the incorporation of [32P] into HO2, estimated by Phosphor-
Imager analysis. In similar experiments, we evaluated phosphor-

FIG. 2. PMA neuroprotection is lost in hippocampal cultures of
HO22y2 mice. Primary hippocampal neurons from wild-type (A) and
HO2 knockout (B) mice were cultured similarly as rat neuronal
cultures. Neurons were treated with various concentrations of H2O2
(60, 80, and 100 mM). PMA (0.1 and 1.0 mM) was added 24 h before
the addition of H2O2. Neuronal survival was assessed 24 h later.

FIG. 3. In vitro phosphorylation of hHO2. (A) Time-dependent
effect on phosphorylation of GST–hHO2 incubated with [32P]ATP
and purified brain PKC. The upper band shows the phosphorylation
of PKC itself and the lower band depicts the phosphorylation of
GST–hHO2. (B) HO2 phosphorylation in HEK 293 cells stably
overexpressing hHO2. The top row shows incorporation of [32P]ATP
into HO2 after phosphorylation induced by treatment with PMA (0
and 0.1 mM). HO2 was immunoprecipitated with two different anti-
bodies (Left, SPA297; Right, our antibody), then subjected to electro-
phoresis and transferred to nitrocellulose membrane. Quantification
of the [32P]HO2 with the PhosphorImager reveals an increased of 1.63
(Left) and 1.72 (Right) times after PMA treatment over the control.
The Lower row was obtained after Western blot analysis on the same
nitrocellulose membrane with an anti-phosphoserine antibody, sug-
gesting that immunoprecipitated HO2 was phosphorylated on serine
residues. Right indicates that HO2 was loaded in similar amounts.

Table 1. Effect of PMA (1 h) on HO specific activity in HEK 293
cells stably transfected with human CPR and hHO1 (HO1) or
hHO2 (HO2)

HO

HO specific activity, cpmymgzmin

Control PMA (0.1 mM)

HO1 16998 6 152 16507 6 81
(100 6 1%) (97 6 1%)

HO2 11051 6 290 19474 6 438
(100 6 3%) (176 6 4%)**

pp, P , 0.001 compared with control fixed at 100%.
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ylation of HO2 with an anti-phosphoserine antibody (Fig. 3B,
Lower). A pronounced augmentation of HO2 phosphorylation is
elicited by 0.1 mM PMA treatment. By contrast, PMA treatment
produces no change in HO2 protein levels (Fig. 3B, Lower). In the
HEK 293 cells stably transfected with CPR along with HO1, we
detected no phosphorylation of HO1 in response to PMA treat-
ment (data not shown). Also, HO1 protein levels are unaffected
by PMA treatment. PMA treatment elicits a 70% augmentation
of HO2 activity in HO2–HEK 293 cells (Table 1). By contrast,
PMA fails to alter HO1 activity. This suggests that HO2 phos-
phorylation by PKC stimulates HO2 catalytic activity.

To ascertain whether HO activity is influenced by PMA in
hippocampal cultures, we examined effects of 0.1 and 1.0 mM

PMA on HO activity at various times (Table 2). At 1 h, PMA
doubles HO activity, with similar effects at 3 h and a progressively
smaller effect at later times. At 1 h, 1.0 mM PMA produces
modest stimulation, which diminishes at later time points.

We used several approaches to ascertain whether HO1 con-
tributes to the PMA stimulated HO activity in hippocampal
neuronal cultures. Whereas HO2 is a constitutive enzyme with a
relatively long half-life, HO1 is stimulated by induction of new
protein synthesis. Using Western blots analyzed by PhosphorIm-
ager with radiolabeled secondary antibody, PMA fails to alter
levels of HO1 or HO2 protein at any of the time points examined
(data not shown). This finding is consistent with observations that
stress in mixed cultures stimulates HO1 synthesis in glia but not

FIG. 4. Photomicrograph of rat primary hip-
pocampal neurons incubated with an antibody
against BR showing BR accumulation after PMA
treatment. (A) Control staining performed without
the addition of the primary antibody. (B–H) Staining
with the anti-BR under different stimuli. Cells were
treated with 0.1 mM PMA for various time periods (0,
1, 6, or 24 h) (B–E), with 1.0 mM PMA for 24 h (F),
with 0.1 mM inactive enantiomer 4a-PMA (G), or
with 0.1 mM in combination with 5.0 mM HO inhib-
itor SnPPIX (H).

Table 2. Time-dependent effect of PMA on HO specific activity in rat primary hippocampal neurons

PMA, mM
Time, h

1 3 6 18 24

0 2032 6 6 2002 6 9 1952 6 121 1961 6 4 2018 6 70
(100 6 1%) (99 6 1%) (96 6 6%) (96 6 1%) (99 6 3%)

0.1 4287 6 156 4195 6 5 3508 6 2 3043 6 11 2575 6 12
(211 6 8%)*** (207 6 1%)*** (173 6 1%)*** (150 6 1%)*** (126 6 1%)***

1.0 2917 6 18 2351 6 1 2088 6 52 2290 6 31 2247 6 189
(142 6 1%)*** (125 6 1%)*** (103 6 3%) (113 6 1%)** (110 6 9%)

Values are HO specific activity in cpmymgzmin.
pp, P , 0.001; ppp, P , 0.0001 compared with control (PMA; 0 mM) fixed at 100%.
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in neurons (26). Moreover, treatment with cycloheximide, an
inhibitor of protein synthesis, does not attenuate the PMA-
elicited neuroprotection under conditions in which cycloheximide
depresses protein synthesis (data not shown). Knowing that HO1
is a PEST [a structural motif present in the majority of rapidly
degraded enzymes (27)] protein (28), we also used antisense
constructs to HO1. The antisense constructs reduce HO1 protein
expression by more than 50%, whereas sense constructs andyor
lipofectin vehicle preparations are inactive (data not shown).
Antisense treatment has no effect on the ability of PMA to
enhance neuronal survival in hippocampal cultures treated with
H2O2. In these experiments, we first demonstrated a .50%
reduction of HO1 expression by HO1 antisense but not by sense
construct or lipofectin control-vehicle. Thus, HO1 does not
contribute notably to the neuroprotective effects of PMA.

Bilirubin Is Neuroprotective. We wondered whether activation
of HO2 is neuroprotective by stimulating the formation and
accumulation of the antioxidant BR. We evaluated the formation
of BR in response to PMA treatment by immunocytochemical
staining of hippocampal cultures with a selective BR antibody
(Fig. 4). Six hours after treatment with 0.1 mM PMA some
accumulation of BR is shown (Fig. 4D), whereas at 24 h, BR
staining is markedly augmented (Fig. 4E). By contrast, 1.0 mM
PMA, which down-regulates PKC protein, fails to enhance BR
staining (Fig. 4G). Also, 4a-PMA, which does not activate PKC,
fails to stimulate staining (Fig. 4G). Evidence that BR accumu-
lation derives from HO activity is provided by experiments in
which the HO inhibitor SnPPIX (5.0 mM) prevents the PMA-
elicited augmentation of BR staining (Fig. 4H). Thus, in hip-
pocampal neurons, PKC activation stimulates HO2 activity, lead-
ing to BR accumulation.

To directly ascertain whether BR is neuroprotective, we ex-
amined its effects on hippocampal neuronal cultures treated with
H2O2 (Fig. 5). We used BR conjugated with human serum
albumin (BR–HSA) to enhance its solubility (Fig. 5B). As little as
10 nM BR (BR–HSA) almost completely reverses the neurotoxic
actions of H2O2. At 1 and 3 nM concentration, the neuroprotec-
tive effect is substantially diminished. BR conjugated to BSA is
also neuroprotective, but to a lesser extent (data not shown). The

neuroprotective effect decreases at higher concentrations of BR,
presumably because higher levels of BR are themselves neuro-
toxic. This is suggested by the diminished neuronal survival of
control cultures treated with 100 and 250 mM BR–HSA. BR also
is neuroprotective when used without an albumin carrier, al-
though it is less potent (Fig. 5A).

DISCUSSION
In the present study, we evaluated neurotoxicity in hippocam-
pal and cortical cultures by using hydrogen peroxide. H2O2 is
thought to be one of the central components in the intracel-
lular cascade of neurotoxic events involving reactive oxygen
species (29, 30). H2O2 interacts with ferrous iron in the Fenton
reaction to form the very toxic hydroxide free radical along
with ferric iron. After neurotoxic stimulation, the hypoxic
mitochondria generate substantial levels of superoxide. Su-
peroxide interacts with protein-bound iron to form ferrous
iron, which in turn further augments the Fenton reaction.
Superoxide also combines with NOu. to form peroxynitrite,
which decomposes to hydroxide free radical.

The phorbol ester PMA provides neuroprotection. Although
activation of PKC by phorbol esters can influence numerous
cellular events, our experiments using HO inhibitors and HO22y2

neuronal cultures imply that the neuroprotective actions of PMA
involve HO2. A variety of HO inhibitors block the protective
effects of PMA. The neuroprotective actions of PMA are abol-
ished in HO22y2 cultures, and neurotoxicity is accentuated in
HO22y2 cultures. These findings strongly suggest that HO2 is the
isoform responsible for PMA’s neuroprotective actions, although
we cannot fully rule out a role for HO1. We would have liked to
employ HO12y2 cultures; however, HO12y2 animals typically die
at approximately embryonic day 12 (31), and cultures are devel-
oped from embryonic day 18 animals.

The rapid activation of HO2 by PKC phosphorylation and
other properties of HO2 parallel the disposition of nNOS.
Both are constitutive enzymes localized to neurons. Although
their neuronal localizations in the brain differ, in the myenteric
plexus of the intestines, they occur in the same neurons and
contribute similarly to nonadrenergic noncholinergic relax-
ation of the gut after physiologic nerve stimulation (24). nNOS
is activated by calcium entry into cells binding to calmodulin
on nNOS (32). PKC phosphorylation of HO2 would provide a
way for relatively rapid stimulation of HO2 activity. Moreover,
HO2, like nNOS, would be able to respond to calcium entry,
because calcium is a major activator of PKC (33).

One of the attractive findings of the present study is the very
potent neuroprotective effect of BR with complete neuroprotec-
tion evident at nanomolar concentrations. BR actions have been
mostly characterized in the high micromolar range, where toxic
effects also occur. How can nanomolar concentrations of BR
protect against higher H2O2 concentrations? The most likely
explanation is a cycle of oxidation–reduction between BR and
BV, the major oxidation product of BR (34, 35). In mediating its
antioxidant actions, BR would be transformed to BV. BV reduc-
tase, present in large functional excess in all tissues, would
immediately regenerate BR.

BR is probably the most abundant endogenous antioxidant in
mammalian tissues, accounting for the majority of the antioxidant
activity of human serum (36). In an extensive series of antioxi-
dants, BR displayed the most potent superoxide and peroxyl
radical scavenger activity (37). Moreover, BR is an effective
antioxidant of peroxynitrite-mediated protein oxidation (34). In
the circulatory system, BR is largely complexed with albumin. We
have observed more extensive neuroprotection with BR com-
plexed with human serum albumin than with BSA, perhaps
because human albumin has higher affinity for the primary and
secondary binding sites for BR than its bovine homolog. Within
cells, BR is stored in a complex with various isoforms of GST, also
called ligandin and Y peptide (38). Thermodynamic parameters
for BR dissociation from GST are similar to those for HSA (39).

FIG. 5. Neuroprotective effect of bilirubin on H2O2-induced tox-
icity. (A) Increasing concentrations of free BR were added to rat
primary hippocampal neurons before addition of 75 mM H2O2. (B)
Increasing concentrations of BR complexed with human serum albu-
min (BR–HSA was added to neurons). An equivalent concentration
HSA of albumin was added. Neuron survival was estimated 24 h after
the beginning of the experiment.
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Binding of BR to these proteins keeps BR in solution and inhibits
its efflux from the cell, thereby increasing the net accumulation.
GST plays a role in cellular uptake and the intracellular transport
of BR (40). Certain GST isoforms are selectively concentrated in
neurons (41, 42). A GST isoenzyme-specific distribution also was
found in various subcellular compartments, suggesting the pos-
sibility of scavenging free radicals in different cell compartments.
GST isoforms are also highly concentrated in the testis (42),
fitting with the uniquely high levels of HO2 expression in that
tissue.

BR is best known as a potentially toxic agent that accumulates
in the serum of neonates, causing jaundice. In high concentra-
tions, BR deposits in selected brain regions to elicit the neuro-
toxicity associated with kernicterus (43). The ‘‘physiologic jaun-
dice’’ of normal neonates, which occurs at BR levels fairly close
to toxic levels, has been puzzling (44). Conceivably, physiologic
jaundice has a protective effect. It could represent a transitional
antioxidative mechanism in the neonatal circulation. Serum
antioxidant activities are selectively associated with BR in neo-
natal Gunn rats (45) and in jaundiced newborn infants (6). In
preterm infants, higher bilirubin levels are associated with a lower
incidence of oxygen radical-mediated injury (46). BR adminis-
tration protects against retinopathy in premature babies (47, 48).
Moreover, beneficial effects of breastfeeding are often accom-
panied by high BR levels (49). BR may be particularly important
as a cytoprotectant for tissues with relatively weak endogenous
antioxidant defenses such as the myocardium (50, 51) and the
nervous system (52). Interestingly, a decreased risk for coronary
artery disease is associated with mildly elevated serum BR, with
a protective effect comparable to that of HDL-cholesterol (7, 53).
Our findings thus imply that HO2 generation of BR affords
physiologic neuroprotection. This conclusion is supported by our
recent observations that neuronal damage following middle
cerebral artery occlusion is substantially worsened in HO22y2

mice (54).
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