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In the present in vitro and in vivo study we investigated 
the pro-oxidant effects of hemoglobin, as well as the 
antioxidant effects of its metabolites, in the brain. 
Incubation of rat brain homogenates with hemoglobin 
(0--10~dVl) but not hemin induced lipid peroxidation 
up to 24 h (ECs0 = 1.2 paM). Hemoglobin's effects were 
similar to ferrous ion (EC50 = 1.7 ~Vl) and were blocked 
by the chelating agent deferoxamine (ICs0 = 0.5 ~M) 
and a nitric oxide-releasing compound S-nitroso- 
glutathione (ICs0 = 40 p2Vl). However, metabolites of 
hemoglobin - biliverdin and bilirubin - inhibited brain 
lipid peroxidation induced by cell disruption and 
hemoglobin (biliverdin ICs0=12-30 and bilirubin 
ICs0 = 75-170 ~V[). Biliverdin's antioxidative effects in 
spontaneous and iron-evoked lipid peroxidation were 
further augmented by manganese (2 pM) since manga- 
nese is an antioxidative transition metal and conjugates 
with bile pigments. Intrastriatal infusion of hemoglobin 
(0-24nmol) produced slight, but significant 20-22% 
decreases in striatal dopamine levels. Whereas, intra- 
striatal infusion of ferrous citrate (0-24 nmol) dose- 
dependently induced a greater 66% depletion of striatal 
dopamine which was preceded by an acute increase 
of lipid peroxidation. In conclusion, contrary to the 
in vitro results hemoglobin is far less neurotoxic than 
ferrous ions in the brain. It is speculated that hemoglo- 
bin may be partially detoxified by heine oxygenase and 

biliverdin reductase to its antioxidative metabolites in 
the brain. However, in head trauma and stroke, massive 
bleeding could significantly produce iron-mediated 
oxidative stress and neurodegeneration which could 
be minimized by endogenous antioxidants such as bili- 
verdin, bilirubin, manganese and S-nitrosoglutathione. 

Keywords: Hemoglobin, bile pigments/biliverdin/bilirubin, 
manganese, S-nitrosoglutathione/GSNO, brain lipid 
peroxidation, dopamine 

I N T R O D U C T I O N  

Previous in vitro studies have demonst ra ted  that 
hemoglobin  is a pro-oxidant  and ma y  be neuro-  
toxic. I1-3] These pro-oxidative effects are ex- 
plained by  the release of iron-containing heine 

from hemoglobin,  which converts hydrogen  per- 
oxide to cytotoxic hydroxyl  radicals. [4] Under  
normal  circumstances, plasma hemoglobin  is not  
able to cross the blood-brain  barrier. Nonetheless  
unde r  pathophysiological  conditions, such as 
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subarachnoid hemorrhage, head trauma and 
stroke, lysed erythrocytes release large amounts 
of hemoglobin and iron inside the brain. Neurons 
and glial cells will therefore be exposed to toxic 
byproducts of hemoglobin, which could cause 
oxidant stress, delayed neurotoxicity and lique- 
faction of brain tissue. Recent in vivo studies 
indicate that ferrous ion is a potent pro-oxidative 
transition metal, I5"61 while manganese appears to 
be a potent antioxidant. E7-91 In addition, nitric 
oxide released from S-nitrosoglutathione (GSNO) 
inhibits iron-induced brain lipid peroxidation 
and nigral damage in vivo. E61 In this study, the 
effects of these atypical antioxidants on hemo- 
globin-induced brain lipid peroxidation were 
thoroughly examined. 

Enzymatic metabolism of hemoglobin by heme 
oxygenase results in the release of iron and also 
the formation of biliverdin and carbon monox- 
ide. El°l Subsequently, biliverdin reductase cata- 
lyzes the conversion of biliverdin to bilirubin. 
Because both enzymes are mainly localized in the 
liver, biliverdin and bilirubin become the major 
components of bile pigments. However, heme 
oxygenase and biliverdin reductase also exist in 
the brain. Illl Earlier research has focused on the 
putative antioxidant effects of bilirubin, which 
may scavenge in vitro superoxide anion, [12] hypo- 
chlorous acid I13] and peroxyl lipid radicals. I14~ 
These putative antioxidative effects of bile pig- 
ments have not been thoroughly investigated 
in the brain. Therefore, in the present study, we 
also compared the effects of biliverdin and 
bilirubin on hemoglobin-induced oxidative 
stress in the brain. 

MATERIALS AND METHODS 

Animals The experiments were carried out 
with male Sprague-Dawley rats (Taconic Farms, 
Germantown, NY, USA; 250-350 g). Prior to and 
after the operation rats were housed three to a 
cage. Food pellets and tap water were provided 
to the rats ad libitum. The room temperature was 

kept at 20-22°C with a 12h life circle and a 
relative humidity of 45-60%. The experimental 
protocol was approved by the Animal Care 
and Use Committee of the National Institute of 
Mental Health. 

In vitro brain lipid peroxidation assay Rats 
were decapitated and cortical brain samples 
were dissected and stored at -70°C. Brain 
samples were homogenized in ice cold Ringer's 
buffer using an ultrasonic cell disrupter (Heat 
Systems Inc., Farmingdale, NY) and diluted to 
50 mg/ml with ice cold Ringer's solution. As a 
model of head trauma brain homogenates were 
incubated at 37°C without adding hemoglobin 
or ferrous ion in a shaking waterbath for 2-24 h. 
In other experiments hemoglobin or ferrous ion 
was added to brain homogenates to mimic hem- 
orrhage-induced brain injury. Drugs were added 
to homogenates at the beginning of incubation. 
Fluorescent end-products of brain lipid peroxi- 
dation, which consist of cross-linked products of 
primary amines with reactive aldehyde species 
derived from peroxidized polyunsaturated fatty 
acids, were determined using a microassay proce- 
dure as previously described by Mohanakumar 
et al. I51 modified from Dillard and Tappel. IlsJ 
These fluorescent products represent a reliable 
biological marker for lipid peroxidation. Briefly, 
after incubation, a 200 ~1 aliquot of brain homog- 
enate was transferred to another tube contain- 
ing 200 ~1 chloroform and 100 ~1 methanol. The 
mixture was vortexed and kept on ice for about 
15 rain. After centrifugation at 8000 rpm for 6 rain 
150 ~1 of the chloroform extract was transferred 
to another tube containing 50 ~d methanol. The 
relative fluorescent intensities of the aldehyde 
products in 3.75mg tissue extract (100 ~1) were 
measured in a Perkin Elmer LS 50B spectro- 
fluorometer (activation wavelength 356 nm and 
emission wavelength 426nm). Where applied, 
NaOH (0-600 ~M) was added to incubation mix- 
ture and served as sham controls for the experi- 
ments using biliverdin, bilirubin and hemin. The 
spectrofluorometer was calibrated with quinine 
sulphate. All samples were assayed in triplicate. 
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HEMOGLOBIN-INDUCED BRAIN OXIDATION 633 

Intrastriatal infusion of drug Male rats were 
anesthetized with chloral hydrate (400mg/kg, 
i.p.). Body temperature was recorded with a 
rectal probe and maintained at 37°C by a ther- 
mal blanket system (Harvard Apparatus). For 
microinfusion of ferrous citrate, hemoglobin, 
and vehicle to the caudate nucleus, rats were 
placed in a stereotaxic head holder with the 
mouth bar set at -3.5 turn. Microinjections were 
made via a 29g needle connected by plastic 
PE-10 tubing to a Hamilton syringe which was 
mounted on a syringe infusion pump. The 
bregma was used as rostral--caudal zero point. 
Injections into the caudate putamen were made 
unilaterally (right-sided) by placing the needle 
at a level of 0.2 mm posterior from the bregma, 
3mm laterally and 6 m m  deep (according to 
the rat atlas of Paxinos and Watsont161). Drugs 
(in 6 ~tl) were unilaterally infused at a rate of 
0.2~l/min into the right caudate nucleus. After 
Infusion the wound on the skull was closed with 
either sutures or wound clips. The rats were kept 
warm under a heating lamp until they regained 
consciousness. 

In vivo brain lipid peroxidation assay Rats 
were sacrificed by decapitation at 24 h, 3 days or 
7 days after intrastriatal infusion of ferrous cit- 
rate, hemoglobin or vehicle. Their brains were 
removed and the caudate nucleus was dissected 
and removed from both sides. Fluorescent end- 
products of lipid peroxidation in the whole stri- 
atum were measured as previously described, tsl 

Measurement of striatal dopamine levels Rats 
were sacrificed by decapitation at 7 days after 
intrastriatal infusion of ferrous citrate, hemoglo- 
bin or vehicle. The striatum of both sides was 
dissected and homogenized in twenty volumes 
of 0.1 N perchloric acid containing 10 mM EDTA. 
After mixing, the percholate extract was chilled 
on ice for at least 20 rain. After centrifugafion at 
8000 rpm for 6 rain the supernatant was trans- 
ferred to another tube for HPLC-EC measure- 
ment of dopamine and its metabolites. I171 

Statistical Analysis Data were analyzed by 
one-way analysis-of-variance (ANOVA), followed 

by Bonferroni as post hoc test, or by a paired stu- 
dent t-test. The level of significance was set at 
95% confidence limit. All data are expressed as 
the mean 4- SEM. 

Materials Ferrous ammonium sulphate, 
bovine hemoglobin, bovine hemin, deferoxa- 
mine mesylate, biliverdin dihydrochloride, bili- 
rubin, manganese chloride, chloroform, methanol 
and chloral hydrate were purchased from Sigma 
Chemical Co, St. Louis, MO, USA; copper(H) 
chloride from Aldrich, Milwaukee, WI, USA; 
citric acid from Reagents Inc. Charlotte, NC, USA; 
GSNO from Calbiochem, La Jolla, CA, USA. 

Compounds were freshly dissolved in Ringer's 
solution and kept on ice. Biliverdin, bilirubin and 
hemin (10 mM stock solution) were dissolved in 
20 mM NaOH. For the in vivo experiments drugs 
were dissolved in sterilized Ringer's solution 
as passed through a 0.22~tm filter membrane 
(Millipore Products Division, Bedford, MA, USA). 
Ferrous citrate was prepared by mixing equi- 
molar concentrations of ferrous ammonium sul- 
phate and citric acid. Bovine hemoglobin was 
bought as lyophilized powder, and therefore 
might have been predominantly methemoglobin. 
A photo-degraded, nitric oxide-exhausted GSNO 
solution was obtained by leaving a freshly pre- 
pared solution under a 100 Watt light bulb for at 
least 48 h. This procedure causes a slow release of 
nitric oxide from GSNO, resulting in the forma- 
tion of GSSG and nitrites or nitrates, nsl 

RESULTS 

In Vitro Results 

Effects of iron, hemoglobin and its metabolites bili- 
verdin and bilirubin on cell disruption-induced brain 
lipid peroxidation The process of disrupting 
brain tissue by sonicafion released iron and 
initiated the peroxidation of polyunsaturated 
fatty acids which lasted for more than 24h. 
Incubation of brain homogenates at 37°C for 
2-24h significantly increased the formation of 
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peroxidized brain lipids assayed fluorimetri- 
cally. The cell disruption-induced lipid per- 
oxidation was further augmented by adding 
ferrous ions (ECt0 = 1.7 ~M) but not copper ions 
to the incubation mixture (Figure 1). Addition of 
hemoglobin (0-10 ~M) significantly increased the 
peroxidation of brain lipids in a concentration- 
dependent manner (ECt0 = 1.2 ~tM, Figure 2A). 
However, the maximal effect of ferrous ion was 
higher than that of hemoglobin. The concentra- 
tion-response curves of iron and hemoglobin 
iron complex on cell-disruption-induced brain 
lipid peroxidation were bell-shaped, since 
higher non-physiological concentrations of iron 
(> 20 ~M) may interfere with the redox cycling 
of oxygen and iron complexes. 

Hemoglobin has four iron-containing polypep- 
tide side chains while heroin (00100 ~tM) consists 
of only one iron-containing polypeptide chain, 
which caused no such pro-oxidative effects. In 
fact, hemin induced antioxidative effects in brain 
homogenates (Figure 2A). Similarly, incubation 
of brain homogenates for 3h at 37°C with 
biliverdin (0-250~M) or bilirubin (0-1000~M) 
concentration-dependently decreased brain 
lipid peroxidation (Figure 2B). In brain tissue, 

2.5. 

!2 
i 1.5, 

.m 0.5 
In 

0 
0.1 1 10 100 1000 

Concentration ~M] 

2+ 2+ FIGURE 1 Effects of Fe and Cu metal ions on peroxi- 
2+ 2+ dation of brain lipids in vitro. Fe (@, 0-125 ~M) and Cu 

(A, 0-250 ~M) were added to 1 ml rat brain homogenates 
(50rag cortical tissue/ml of Ringer's solution). After a 2h 
incubation at 37°C fluorescent products of lipid peroxi- 
dation were extracted and measured (excitation/emission 
wavelength 356/426nm). Data represent the mean±SEM 
of relative fluorescence intensity units (RFU) in 3.75mg 
brain tissue (n = 3). 

biliverdin was a more potent antioxidant than 
bilirubin; the ICs0 values for biliverdin and 
bilirubin were 30 and 170 ~tM, respectively. 

Effects of biliverdin and bilirubin on the pro-oxidant 
effects of hemoglobin in brain homogenates Biliver- 
din (0o100 ~M) concentration-dependently 
inhibited the tissue disruption-induced peroxida- 
tion of brain lipids without adding hemoglobin. 
In addition, biliverdin concentration-depend- 
ently inhibited lipid peroxidation stimulated 
by 1 ~M hemoglobin (Figure 3A). A comparable 
effect was observed with bilirubin (0-1000 ~M, 
Figure 3B). The ICs0 values of biliverdin and bili- 
rubin in suppressing the pro-oxidative effects of 
1 ~M hemoglobin were 12 and 75 ~M, respectively. 

A 2 . 5  

"G 1 . 5 ,  "o 

"~ 0.5 
m 

B 2.5. 

0,1 1 10 1 O0 1000 

Concentration Odd) 
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~ 1.5 

0.5 
m 

-/ 
1 1 0 1 O0 1000 

Concentration (tdd) 

FIGURE 2 Effects of heroin and metabolites of hemoglo- 
bin on peroxidation of brain lipids in vitro. (A) Hemoglobin 
(@, 0-100 ~M) and hemin (&, 0-125 ~tM) were added to I ml 
rat brain homogenates. (B) Hemoglobin (@, 0-100 ~4), bili- 
verdin (A, 0-250JdVl), and bilirubin ( , ,  0-1000~Vl) were 
added to I ml rat brain homogenates. Samples were incu- 
bated at 37°C for 2-3h; and fluorescent end-products 
of lipid peroxidation were measured (excitation/emission 
wavelength 356/426nm). Data represent the mean +SEM 
of RFU in 3.75mg brain tissue (n =3-4). 
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FIGURE 3 Antioxidative effects of (A) biliverdin 
(O--100p_M) and (B) bilirubin (0--1000~M) on hemoglobin- 
induced brain lipid peroxidation in vitro. Hemoglobin- 
induced lipid peroxidation in rat brain homogenates (50 mg 
cortical tissue/ml of Ringer's solution) was measured by 
assaying fluorescent products of lipid peroxidation after 
incubation with either Ringer's solution (O, Hb[0]) or 1 p_M 
hemoglobin (@, Hb[1]) at 37~C for 2h. Data represent the 
mean ±SEM of accumulated fluorescent end-products of 
lipid peroxidation (RFU) in 3.75 mg brain tissue (n = 3-6). 

Effects of deferoxamine on the pro-oxidant effects 
of hemoglobin in brain homogenates When the 
incubation period was  increased from 2 to 24 h, 
a significant 5- and  2.6-fold increases in cell 
disruption- and hemoglobin-evoked brain 
lipid peroxidation was observed, respectively. 
The chelating agent deferoxamine (0.1-10~VI) 
blocked tissue disruption-induced brain lipid 
peroxidation in a concentration-dependent man- 
ner in both acute 2 h and chronic 24 h experi- 
ments (Figure 4). The pro-oxidative effects of 
1 ~tM hemoglobin were also inhibited by  defer- 
oxamine for an experimental period up to 24 h. 

Effects of GSNO on hemoglobin-induced brain 
lipid peroxidation GSNO blocked hemoglobin- 
induced lipid peroxidation in brain homogenates 
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FIGURE 4 Effects of deferoxamine on hemoglobin-induced 
brain lipid pemxidation in vitro. Hemoglobin-induced lipid 
peroxidation in 1 ml rat brain homogenates was measured 
by assaying fluorescent products of lipid peroxidation after 
incubation with hemoglobin 0FM (O) or 1 ~¢1 (@) at 37°C 
for 2 (--) and 24 (--)h. Deferoxamine (0-10 ~v[) was added 
to the incubation mixture at time zero. Data represent the 
mean±SEM of accumulated fluorescent end-products of 
lipid peroxidation (RFU) in 3.75 mg brain tissue (n = 5-7). 

in a concentration-dependent manner  (IC50= 
40 WVI; Figure 5A). Photo-degraded, nitric oxide- 
exhausted GSNO (20--100 ~M) did not have any  
significant effect on the peroxidation of brain 
lipids enhanced by hemoglobin (Figure 5B). 

Effects of biliverdin and manganese on iron- 
induced brain lipid peroxidation Manganese 
(Mn 2+) was recently shown to be a potent  anti- 
oxidant in the brain with an ICs0 value of 
2~M. [9] Indeed, Mn  2+ (2~M) suppressed cell 
disruption-induced brain lipid peroxidation for 
more than 50% (Figure 6). An almost complete 
inhibition of spontaneous brain lipid peroxida- 
tion was achieved when  a mixture of biliverdin 
(30 ~,I) and manganese (2 ~tM) was added  to the 
brain homogenate. Iron-induced brain lipid per- 
oxidation was also suppressed by a combination 

of biliverdin and manganese.  

In Vivo Resul t s  

Comparison of the pro-oxidative effects of hemo- 
globin and ferrous citrate ~n the striatum of the 
rat After intrastriatal micro-infusion of ferrous 
citrate (12nmol) into the caudate nucleus, a 
significant and long-lasting increase of fluores- 
cent end-products of lipid peroxidation was 
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FIGURE 6 Effects of manganese (Mn 2+) and biliverdin 
(BV) on iron-induced brain lipid peroxidation in vitro. Man- 
ganese (2 ttM) or biliverdin (30 t~VI) or a mixture of both was 
added to rat brain homogenates (50 mg cortical tissue/ml of 
Ringer's solution). Brain lipid peroxidation was induced by 
Fe 2+ (0 and 1 ~tM) and reflected the accumulated fluorescent 
products in 3.75 mg brain tissue measured after incubation 
at 37°C for 2h. Data represent the mean dzSEM of RFU 
(n = 3). *P < 0.05 significantly different from control. 

0 20 50 ~oo o 20 so ~oo 
ehotoc~graded OSNO [.M! 

FIGURE 5 Effects of GSNO on hemoglobin-induced brain 
lipid peroxidation in vitro. (A) The effect of freshly pre- 
pared nitric oxide-releasing GSNO on lipid peroxidation of 
rat brain homogenates induced by hemoglobin (0ttM, O; 
I t~I, @). (B) The effect of photodegraded, nitric oxide- 
exhausted GSNO on lipid peroxidation of rat brain 
homogenates induced by hemoglobin (0 and 1 ~M). Lipid 
peroxidation as reflected by accumulated fluorescent pro- 
ducts in 3.75 mg brain tissue was measured after incubation 
at 37~C for 2h. Data represent the mean+SEM of RFU 
(n = 3). 

obse rved  in the  ipsi lateral  cauda te  nuc leus  

(Figure 7). Fe r rous  citrate increased  lipid perox-  

ida t ion  and  p e a k e d  at 24 h (30-fold). Thereaf ter  

l ipid pe rox ida t ion  s l owly  decl ined;  a 15-fold 

increase was  o b s e r v e d  after  3 days  a nd  a 10-fold 

after 7 days.  In  accordance ,  t issue d a m a g e  of  the 

ipsilateral cauda te  nuc l e us  w a s  v isual ly  obse rved  

t h r o u g h o u t  the  7 days .  Subsequent ly ,  fer rous  

citrate i n d u c e d  a m a r k e d  40% (12 nmol )  and  66% 
(24nmol)  decrease  in  str iatal  d o p a m i n e  levels. 

(Figure 8). 
To o u r  surpr ise ,  intrastr iatal  micro- infus ion  of  

h e m o g l o b i n  (12 nmol )  i n d u c e d  a small  insigni-  

f icant  l ipid pe rox ida t ion  in the s t r ia tum in  v i vo  

(Figure  7). H o w e v e r ,  a b r o w n i s h  p rec ip i t a t ion /  

7 

, 9 6  

js 

==s 

4 

. . . .  ~ .......... : .......... ,.~ .......... : ........... : ................. :.....~ 
1 2 3 4 S 6 7 

Time (dmy) 

FIGURE 7 In vivo lipid peroxidation caused by intrastria- 
tal infusion of hemoglobin and ferrous citrate. Hemoglobin 
(12nmol, @), ferrous citrate (12nmol, ~k), or Ringer's solu- 
tion (O) were infused into the right caudate nucleus of 
anesthetized rats on day 0. At different time points after 
treatment, rats were decapitated and the right striatum was 
dissected and processed for the measurement of fluorescent 
end-products of lipid peroxidation. RFU =relative fluores- 
cence intensity units in whole right striatum. Data repre- 
sent the mean + SEM (n = 4--6). 

p i g m e n t  w a s  v isua l ly  obse rved  24 h later  at the  

inject ion site, whe rea s  after  3 a n d  7 d a y s  the  

s t r i a tum a p p e a r e d  v i sua l ly  s imilar  to the  cont ro l  

s t r ia tum.  E v e n  t h o u g h  h e m o g l o b i n  d id  no t  ap-  

pea r  to h a v e  a s ignif icant  effect on  b ra in  l ipid 
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FIGURE 8 Effects of intrastriatal infusion of hemoglobin 
and ferrous citrate on dopamine content in the striatum. 
Striatal dopamine levels were assayed by HPLC procedure 
7 days after the infusion of drugs (12 and 24nmol) into the 
right caudate putamen of anesthetized rats. Each bar repre- 
sents the mean+SEM (n=5-10) of dopamine levels as % 
of contralateral side. Control striatal dopamine level was 
71 4-2pmol/mg. *P < 0.05 significantly different from con- 
tralateral side. 

peroxidation, 12nmol hemoglobin did deplete 
by 20% dopamine in the ipsilateral striatum 
as compared to the contralateral control side 
(Figure 8). It appeared that 12nmol is near the 
maximal dose, since infusion of 24nmol of 
hemoglobin significantly decreased striatal 
dopamine by approximately 22% (P < 0.05). 

DISCUSSION 

In the first part of this study we investigated 
the pro-oxidative effects of hemoglobin and the 
putative antioxidative properties of its metabo- 
lites, biliverdin and bilirubin on tissue disrup- 
tion-induced peroxidation of brain lipids in vitro. 
The present results confirmed that iron moieties 
of hemoglobin can induce significant oxidative 
stress in brain homogenates (ECs0 = 1.2 tflVI), 
since it was blocked by deferoxamin, e. The present 
new results indicated that bile pigments (i.e. 
biliverdin and bilirubin) are potent antioxidants 
in brain preparations. These in vitro results 
suggest that biliverdin is approximately 5 times 
more potent than bflirubin in suppressing lipid 
peroxidation in brain samples. Moreover, 

hemoglobin- or iron-induced brain lipid perox- 
idation can be suppressed by putative endogen- 
ous antioxidants such as biliverdin, manganese, 
deferoxamine and GSNO. In addition, the pro- 
oxidative effects of hemoglobin were compared 
to those of ferrous citrate - a small molecular 
weight iron complex [sl on oxidative stress and 
dopamine depletion in the striatum in vivo. The 
present results suggest that hemoglobin metabo- 
lites are potent antioxidants, which could inhibit 
the propagation of lipid peroxidation in both 
the head trauma model (e.g. brain tissue disrup- 
tion) and cerebral hemorrhage model (e.g. hemo- 
globin-induced). 

Role of Iron in Hemoglobin-Mediated 
Brain Lipid Peroxidation In Vitro 

Confirming previous in vitro studies, [19"-211 the 
present results demonstrated that hemoglobin 
initiates lipid peroxidation in cortical brain 
homogenate with an ECs0 value of approximately 
1.21LM (Figure 2A). The high redox potential 
produced by four iron-containing alpha and beta 
polypeptide chains in hemoglobin could contri- 
bute to its pro-oxidative properties since heroin 
(a single iron-containing polypeptide chain of 
hemoglobin) did not promote lipid peroxidation 
(Figure 2A). Based on the fact that brain lipid 
peroxidation induced by hemoglobin can be 
completely inhibited by the commonly used iron 
chelator deferoxamine (IC50 = 0.5 taM, Figure 4), 
we and others [221 suggested that hemoglobin may 
release or expose at least one of its four heme irons 
for initiating oxidative stress in brain homoge- 
nares that contain high amounts of polyunsatu- 
rated fatty acids. 

Ferrous ion produced a similar concentration- 
response curve as hemoglobin (0-10 ~M) in brain 
homogenates. However, free ferrous ions evoked 
a higher maximal effect since it can easily undergo 
redox reaction in the presence of brain homoge- 
nates that contain citrate and ascorbate. Iron 
complex is capable of stimulating hydroxyl 
radical production via the Fenton reaction, 
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especially in the presence of citrate and ascor- 
bate. [4~'23] The formation of oxo-iron species can 
lead to stimulation of peroxidation of polyunsat- 
urated fatty acids I241 which is blocked in vivo by 
nitric oxide t23"251 and S-nitrosothiols such as 
GSNO.I61 Despite the fact that copper can generate 
hydroxyl free radicals and cause diene formation 
in human low-density lipoproteins} 26! its ex- 
pected pro-oxidative properties in the brain 
cannot be demonstrated in brain homogenates 
(Figure 1). Unexpectedly, the other transition 
metal manganese does not initiate brain lipid 
peroxidation at physiological pH and in fact it 
terminates the propagation of oxidative stress 
in vitro [26] and in vivo. [9] This new information 
infers that polyunsaturated fatty acids in brain 
homogenates are prone to oxidative stress gener- 
ated by iron complexes including hemoglobin, 
but not copper or manganese. 

The present finding that freshly prepared nitric 
oxide donor GSNO suppresses hemoglobin's pro- 
oxidative effects is very intriguing (Figure 5). 
This finding is consistent with a recent new report 
that GSNO is more potent than GSH in suppres- 
sing iron-induced free radicals generation and 
brain lipid peroxidation in both in vitro and in vivo 
preparations. I61 Sham control results were ob- 
tained in experiments using light-exposed GSNO 
preparations since they can no longer release 
nitric oxide, which is an atypical antioxidant. 
This result infers that nitric oxide released from 
freshly prepared GSNO may contribute to the 
observed GSNO protection against hemoglobin- 
mediated brain l ip id  peroxidation. It has been 
proposed that nitric oxide may scavenge lipid 
peroxyl radicals and hence terminate the lipid 
peroxidation chain reactions caused by iron 
complexes. I27'61 The present findings are also 
supported by prior reports that nitric oxide 
inhibits the linoleic acid peroxidation catalyzed 
by hemoglobin I281 and iron-induced oxidative 
brain damage in vivo. [23"25] Furthermore, Rauhala 
et al. ~61 have recently shown that GSNO is a potent 
neuroprotectant in vivo by inhibiting iron-in- 
duced nigral injury and dopamine depletion. 

These putative antioxidative and neuroprotective 
properties of nitric oxide and GSNO have con- 
sistently been demonstrated in both in vitro and 
in vivo preparations supporting a new biological 
role of nitric oxide as a neuroprotective antiox- 
idant in the brain. [291 

Antioxidative Properties of Manganese, 
Biliverdin and Bilirubin 

Despite similar in vitro pro-oxidative properties of 
macromolecular hemoglobin and small molecu- 
lar ferrous ions (Figures 1 and 2A), the present 
in vivo results, however, indicate that hemoglobin 
is far less potent than ferrous citrate in causing 
oxidative stress (Figure 7) and dopamine deple- 
tion in the striatum (Figure 8). One apparent 
explanation is that large molecular weight hemo- 
globin does not easily diffuse as the small 
molecular weight ferrous citrate inside the brain. 
Two other mechanisms may explain the loss of 
pro-oxidative potency of hemoglobin in the 
present in vivo study. (1) Iron released from the 
hemoglobin may be sequestered by astroglia and 
macrophages in the brain. This free iron can then 
be converted into ferritin for iron storage, which 
consequently diminishes its ability to induce 
oxidative stress and damage in the brain. [3°'31] 
(2) The second mechanism possibly involves 
the presence of heme oxygenase and biliverdin 
reductase. [1°'n'32I These two enzymes convert 
pro-oxidative hemoglobin into the antioxidants 
biliverdin and bilirubin and exist not only in the 
hepatic tissue but also in the brain tissue. [11~2] 
Although hemoglobin metabolites can act as an 
iron chelator [331 or a scavenger for hypochlorous 
acid, [131 earlier studies also suggest that they also 
scavenge lipid peroxyl radicals.[141 Unfortunately, 
in the present study we do not know how much 
biliverdin and bilirubin are produced from he- 
moglobin over time in vivo. 

To the best of our knowledge, this is the 
first study to report antioxidant effects of bili- 
verdin and b'flirubin in brain tissue. Biliverdin 
is five times more potent than bilirubin in the 
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suppress ion  on brain lipid peroxidation. More-  

over, bi l iverdin 's  ant ioxidat ive potency is fur ther  

a u g m e n t e d  by  manganese  - an atypical anti- 
oxidat ive transition meta l  (Figure 6). I7-9~61 The 

daily intake of m a n g a n e s e  is about  2-10rag  and  

mos t  of the circulating manganese  is bound  to bile 
pigments .  I34~ Therefore,  it can be speculated that  

the manganese  complex  of conjugated bil iverdin 
wi th  its potent  ant ioxidat ive propert ies  m a y  have  

a physiological  re levance in the protection of the 
hepatoenter ic  system, the cardiovascular  sys tem 
and  the central ne rvous  sys tem against  oxidant  
stress and  associated damage .  

It is postula ted that  there is a homeostasis  in the 
bra in  be tween  the pro-oxidat ive  effects of hemo-  

globin and  anti-oxidative effects of its metaboli tes 
such as bil iverdin and  bilirubin. Low amounts  of 

hemoglob in  m a y  not  induce  severe brain lipid 

peroxidat ion because of the induction of heine 
oxygenase-1 in the brain. 1351 However ,  in stroke 

and  head t r auma  cases, exposure  of concussed 
brain tissue to excessive amoun t  of lysed extra- 
vascular  red blood cells could lead to the genera-  
tion of toxic byproduc t s  of hemoglobin,  such as 

iron complexes,  react ive oxygen species and lipid 
radicals.t361 These hemoglob in-der ived  iron com- 

plexes and  oxygen radicals  m a y  induce oxidative 
stress, vasospasm,  neurotoxicity, neurodegen-  
erat ion and  ul t imate ly  liquefaction in the brain. 

Finally, the present  n e w  findings indicate that  
bilirubin, bi l iverdin m a n g a n e s e  and GSNO m a y  

be endogenous  ant ioxidants  that could p rov ide  
protect ion of neurons  brain  cells, and  endothelial 

cells against  the free radical-mediated d a m a g e  

caused by  iron complexes  such as hemoglobin  
and  ferrous citrate. 
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