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Abstract: In the current study, the protective effect of idebenone (200mg/kg, i.p.), melatonin (10 mg/kg,
i.p.) and their combination on oxidative stress markers (lipid peroxidation, reduced glutathione (GSH), L-
ascorbic acid, superoxide dismutase (SOD), catalase (CAT); total nitrate/nitrite and uric acid), as well as
brain ATP content was estimated in sodium nitrite-induced hypoxia in rats' brain. Brain membrane
integrity was assessed by measuring serum levels of lactate dehydrogenase (LDH), creatine kinase (CK)
and sialic acid. The drugs were administered 24 and 1 h prior sodium nitrite administration. All
biochemical parameters were estimated one hour after sodium nitrite injection.  Injection of sodium nitrite
(75 mg/kg, s.c.) produced a significant disturbance in membrane permeability and oxidative status of rats'
brain in addition to a significant depletion in ATP content. Neuronal damage was confirmed by
histopathological examination of the brain. Compared to hypoxic rats, pretreatment with either idebenone
or melatonin exhibited significantly reduced levels of serum LDH, CK, sialic acid, nitrate/nitrite and uric
acid as well as brain lipid peroxides. Although both drugs significantly preserved the activities of SOD
and CAT in brain tissues, only idebenone showed a significant elevation of GSH and ascorbic acid
compared to hypoxic group. Both drugs showed a significant elevation of brain ATP contents compared
to hypoxic rats.  Combination of both idebenone and melatonin exerts a significant amelioration of
oxidative stress markers with significant improvement in ATP content compared to  each drug alone.  The
marked changes in cerebellar Purkinji cells induced by sodium nitrite were completely abolished by
pretreatment with drug combination.  It could be concluded that combination of both idebenone and
melatonin provides potential protection against sodium nitrite-induced hypoxia via improving antioxidant
defense system and preserving brain energy content. 
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INTRODUCTION

Hypoxia is a pathological condition characterized
by inadequate oxygen supply to target tissues .[1]

Cerebral hypoxia refers to deprivation of oxygen supply
to brain tissue. It can cause reversible confusion and
fainting.  However, extended periods of cerebral
hypoxia can lead to brain death or permanent brain
damage. Most cases of cerebral hypoxia are caused by
a sudden change in brain oxygen levels . [2]

The brain consumes 15% of the energy generated
in the body. Most of this energy is used by neurons to
maintain ionic gradients that are important for
conductivity and synaptic function. Energy for these
functions is derived from hydrolysis of ATP that is
derived exclusively from aerobic oxidation of glucose.
A drop in cerebral perfusion, hypoxia, hypoglycemia,
and severe anemia can cause a critical shortage of
energy . The hypoxic cells are particularly susceptible[3]

to oxidative stress leading to free radical generation .[4]

Various oxyradicals if not neutralized, cause damages
to bio-membranes, which are reflected by lipid
peroxidation and disturbances in antioxidant defense
system . Supplementation of antioxidants was found[5-7]

to inhibit the cellular damage induced by oxidative
stress . [8-10]

Idebenone, a short chain synthetic analogue of
CoQ-10, is a vital cell membrane antioxidant and
essential constituent of ATP-producing mitochondrial
electron transport chain. It is a potent antioxidant agent
and -unlike CoQ 10- has the ability to operate under
low oxygen tension situations . It has the ability to[11]

protect the cell membrane and mitochondria from
oxidative damage . Moreover, it was reported to[12]

exhibit a protection against cerebral ischemia and nerve
damage in the central nervous system . In[1 3 ]

iron/ascorbate induced oxidative stress in synaptosomes
isolated from rat brain cortex, idebenone was found to
prevent the formation of reactive oxygen species and
preserved ATP formation through recovering the
m i t o c h o n d r i a l  r e s p i r a t o r y  c h a i n  e n z y m a t i c
complexes . These findings make idebenone a good[14 ,15]

candidate for management for hypoxia.
Melatonin (N-acetyl-5-methoxytryptamine) is an

indole derivative that is synthesized and secreted from
the  pineal  gland during the night. It is reported that

exogenous melatonin readily crosses the blood–brain
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barrier and concentrated in the brain . Recently, the[16]

function of melatonin as an antioxidant and free radical

scavenger has been extensively studied . In addition,[17-19]

it counteracts mitochondrial oxidative stress and

increases the synthesis of ATP in different animal

models . Additionally, exogenous melatonin was[20]

capable of preserving the functional and energetic

status during ischemia/reperfusion which is associated

with inhibited expression of inducible nitric oxide

synthase (iNOS) and nitric oxide (NO) production .[21]

Together with its very low toxic hazard effects , these[22]

factors greatly recommend the use of melatonin in the

current study. 

2Sodium nitrite (NaNO ), is commonly used for

induction of hypoxia in experimental animal models[23-

. The administration of sodium nitrite in high25]

concentrations may cause brain inflammation, ischemia

and impaired cerebral energy . These effects were[26]

attributed to excessive free radicals generation and

impairment of oxidant / antioxidant balance .[23-25]

The aim of the present work was to evaluate the

role of idebenone, melatonin or their combination in

2ameliorating NaNO -induced brain hypoxia in rats.

The brain oxidative status [estimated as lipid

peroxidation, reduced glutathione (GSH), L-ascorbic

acid, catalase (CAT) and superoxide dismutase (SOD)]

were assessed in rats' brain. Moreover, brain energy

level (expressed as ATP) was also evaluated. The aim

was also extended to estimate the degree of brain

degeneration status by measurement of lactate

dehydrogenase (LDH), creatine kinase (CK) activities

as well as serum sialic acid levels. Serum total

nitrate/nitrite was also estimated . M eanwhile,

histological examination of brain tissue was carried out

to emphasize the obtained biochemical results. 

MATERIALS AND METHODS

Chemicals: All drugs and chemicals used in the

present study were of high analytical grade and were

obtained from Sigma-Aldrich Co. Sodium nitrite and

melatonin were dissolved in normal saline, while,

idebenone was suspended in 1% gum acacia in normal

saline.  

Animals: Adult male albino rats, weighing 180-200 gm

obtained from the animal house of King Saud

University, were used in this study. They were fed

with a standard laboratory diet and tap water ad libitum

and housed in cages (ten rats per cage). All animals

were kept at standardized laboratory conditions

(25±5oC, 55±5% humidity, and a 12 h light/dark

cycle). One week after acclimatization on the

laboratory of the experiment, the animals were fasted

for 3 hours prior to drugs administration. All

experiments were  carr ied  out accord ing  to

recommendation of King Saud University of

Experimental Animals Ethics Committee which is

matched with international ethics for handling of

experimental animals. The doses of sodium nitrite,

idebenone and melatonin, used in the current study,

were chosen according to preliminary studies in our

laboratory and were matched with those in the

literature  and 16 respectively. [25 ,27]

Experimental Design: Animals were divided into five

groups (n= 10 rats) and were treated as follows: Group

I: normal group treated with saline, group II treated

with  sodium nitrite only (75 mg/kg, s.c,), group III

was administered  idebenone (200 mg/kg, i.p.), group

IV was injected with melatonin (10 mg/kg, i.p.), group

V was treated with idebenone (200mg/kg, i.p.) followed

by melatonin (10mg/kg, i.p.) one hour later. Both drugs

were injected twenty four as well as one hour before

sodium nitrite injection. 

Blood Sampling and Brain Tissue Preparation: One

hour after sodium nitrite injection, rats were decapitated

and trunk blood samples were collected and divided

into two portions. The first was collected into EDTA-

containing tubes for hemoglobin determination. The

second portion was allowed to coagulate and

centrifuged to separate serum. Sera were stored at -80î

C for biochemical determinations.  Rats' brain tissues

were carefully separated and gently homogenized in

phosphate buffer to obtain 20% homogenate. Another

set of the experiment was carried out to process brain

tissue for histopathological examination. The brains

were removed and placed overnight in 10% formalin.

Cerebrum and cerebellum were paraffin- embedded for

hematoxylin and eosin (H and E) staining. Cerebral and

cerebellar cortices and the cortex of the hippocampus

were microscopically examined.

Determination of Biochemical Parameters: 

Determination of Blood Hemoglobin: Hemoglobin

was determined colorimetrically using Drabkin's reagent

according to the method of Kjeldsberg, .[28]

In Serum: Serum lactate dehydrogenase (LDH) and

creatine kinase (CK) activities were estimated using

commercial kits of bioMerieux based on kinetic assay.

Values are expressed as U/L. Serum sialic acid level

was determined using periodate-resorcinol method

described by Jourdian et al., .  Serum uric acid was[29]

estimated according to the method of Slaunwhite et al.,

1975 .  Serum nitrite plus nitrate levels as an index[30]

of nitric oxide production were measured with use of

Griess reagent as described previously . [31]
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In Brain Homogenate:
Markers of Oxidative Stress: Lipid peroxide level
measured as malondialdehyde (MDA) was estimated
using thiobarbituric acid reagent as described by
Ohkawa et al., 1979 . Levels are expressed as[32]

nmol/gm tissue wet weight.  Reduced glutathione
(GSH) was estimated using Ellman's reagent according
to the method described by Moron et al., 1979 . GSH[33]

values are expressed as µmol/gm tissue wet weight.  L-
ascorbic acid was estimated according to the method
described by Kleszczewski, 2002 . The developed[34]

blue color during the reaction was read at 760 nm and
the values are expressed as µg/gm tissue wet weight.
Superoxide dismutase (SOD) activity was assayed
depending on the chemical method of Sun and
Zigman . SOD values are expressed as U/mg tissue[35]

wet weight.  Brain catalase (CAT) activity was assayed
by the method of Clairborne  and the values are[36]

expressed as K/mg tissue wet weight. 

HPLC Determination of Brain ATP Content: Brain
ATP was estimated using HPLC technique according to
the method described by Volonté et al. . The weighed[37]

whole brain was homogenized with 0.4M perchloric
acid to obtain 20% homogenate. The homogenates were
precipitated with 0.8 ml 0.2M KOH followed by
centrifugation at 3000 rpm at 0 C for 10 min. TheN

supernatant was filtered and an aliquot of 20 µl was
injected into the HPLC system. The chromatographic
separation of ATP was performed using a C18
reversed-phase column. The mobile phase was
composed of 215mM potassium dihydrogen phosphate,
2.3mM tetrabutylammonium hydrogen sulfate, 4%
acetonitrile, 0.4% potassium hydroxide (1 M) and the
flow rate was 1 ml min . The sample injection volume!1

was 20 µl and during isocratic acquisition the
components were monitored at 220 nm. All instruments
and the columns were operated in laboratory at room
temperature (23–25 C).  Standard solutions of ATPN

(0.4 mg ml ) in 0.4 M perchloric acid were prepared!1

in the same way as described for the sample
preparation. The values are expressed as nmol/gm
tissue wet weight.

Statistical Analysis: Data are expressed as mean ±
SEM. Differences between groups were analyzed using
one way analysis of variance (ANOVA) followed by
Tukey Krammer post hoc multiple test. The level of
significance was set at p # 0.05. Statistical analysis
was performed using Graph pad Instat 3 software Inc,
San Diego, CA, USA. 

RESULTS AND DISCUSSION

Results: Results of the present study showed that,
administration of sodium nitrite dramatically reduced
hemoglobin (Hb) concentration in rats' blood as

compared to control group (Table 1). Compared to
normal rats, sodium nitrite significantly impaired the
oxidative status in the rat brain. This effect was
presented by the significant elevation in brain
malondilaldehyde (M DA, the index of lipid
peroxidation) and a significant reduction in the levels
of GSH and ascorbic acid in addition to depletion of
SOD and CAT activities in rat brain (Figs. 1-3).
Oxidative stress induced by sodium nitrite lead to
disturbance in brain membrane permeability which was
indicated by a significant elevation in serum LDH, CK
(Table 1) and sialic acid (Fig. 4) as compared to
normal rats. Moreover, sodium nitrite administration
significantly increased  serum levels of total
nitrate/nitrite (Fig. 5) and uric acid (Table 1). Hypoxia
produced by sodium nitrite resulted in a significant
depletion in brain energy content measured as ATP as
compared with normal rats (Fig. 6). All the previous
biochemical changes were greatly supported by
histopathological examination. The cerebellar Purkinji
cells showed marked changes in hypoxic rats and were
used as parameters to compare the effects of drugs.
Normal Purkinji cells are pyramidal cells arranged in
a single row between the outer molecular layer and the
inner granular layers of the cerebellar cortex (Fig. 7).
In hypoxic rats, the cerebellar Purkinji cells showed
significant cell damage. Their arrangement as a single
layer was also disturbed and most of cells were large
rounded (Fig. 8). Neuronal damage was characterized
also by cell swelling, autolytic and darkened shrunken
cells (Fig. 8). 

Pretreatment with idebenone or melatonin showed
a significant reduction of lipid peroxide as compared to
hypoxic rats. Co-administration of both drugs exhibited
a significant lipid peroxide decrease as compared to
either idebenone or melatonin and completely prevented
the elevation in lipid peroxidation induced by sodium
nitrite (Fig. 1). Only idebenone showed a significant
reduction in brain levels of GSH and ascorbic acid
when compared to hypoxic group. Although melatonin
alone has no significant effect on GSH and ascorbic
acid, its combination with idebenone produced a
significant elevation in both parameters as compared to
melatonin alone (Fig. 2 a, b). Both drugs significantly
preserved the activity of the antioxidant enzymes SOD
and CAT in brain tissues. Combination showed a
significant elevation in SOD and CAT as compared to
individual drugs (Fig. 3a, b). 

The elevation of serum LDH, CK (Table 1) and
sialic acid (Fig. 4) was abolished upon pretreatment
with either idebenone or melatonin. In addition, serum
nitrate/nitrite (Fig. 5) and uric acid (Table 1) levels
were significantly reduced as compared to hypoxic rats.
Co-administration of both drugs completely abolished
the elevation of all these parameters as compared to
either idebenone or melatonin alone.
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Table 1: Blood hemoglobin (Hb) concentration, serum  lactate dehydrogenase (LDH) and creatine kinase (CK) activities as well as serum uric

acid level in control and all treated group.

Parameters Experimental groups

---------------------------------------------------------------------------------------------------------------------------------------

Control Hypoxic Idebenone(ID) M elatonin (MLT) ID + M LT

Blood hemoglobin (g/dl) 12.87±0.77 2.81±0.44 11.35±0.49 8.52±0.84 10.89±0.01a ab ab abd

Serum LDH (U/L) 53.79±3.56 114.52±4.52 72.19±3.19 55.70±4.27 49.72±1.94a ab b bc

Serum CK (U/L) 46.17±1.68 442.90±7.93 183.41±9.33 329.59±13.11 131.36±3.45a ab ab abcd

Serum uric acid (mg/dl) 57.50±11.13 144.60±13.50 59.83±6.82 41.83±4.71 29.50±1.37a b ab abc

P < 0.05 was considered significant; Data are expressed as mean±SEM ; n=10 for each treatment group. 

a: Significantly different from control groupmmm,   

b: Significantly different from sodium nitrite-treated group, 

c:  Significantly different from idebenone-treated group,

d: Significantly different from melatonin-treated group.    

2Fig. 1: Brain levels of malondialdehyde (MDA), in control and sodium nitrite (NaNO )-treated groups (hypoxic,
idebenone (ID), melatonin (MLT) and ID+ MLT combination groups). 

Data are expressed as mean ± SEM of ten rats in each group. P < 0.05 was considered significant.
a: Significantly different from control group.   
b: Significantly different from sodium nitrite-treated group. 
c:  Significantly different from idebenone-treated group.
d: Significantly different from melatonin-treated group.
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Fig. 2: Brain levels of reduced glutathione (GSH) and L- ascorbic acid[Fig.2 (a) and (b)], respectively in control

2and sodium nitrite (NaNO )-treated groups (hypoxic, idebenone (ID), melatonin (MLT) and ID+ MLT
combination groups). 

Data are expressed as mean ± SEM of ten rats in each group. P < 0.05 was considered significant.
a: Significantly different from control group,  
b: Significantly different from sodium nitrite-treated group, 
d: Significantly different from melatonin-treated group.
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Fig. 3: Brain superoxide dismutase (SOD) and catalase (CAT) activities (Fig.3 (a) and (b), respectively) in control

2and sodium nitrite (NaNO )-treated groups (hypoxic, idebenone (ID), melatonin (MLT) and ID+ MLT
combination groups). 

Data are expressed as mean ± SEM of ten rats in each group. P < 0.05 was considered significant.
a: Significantly different from control group.
b: Significantly different from sodium nitrite-treated group. 
c: Significantly different from idebenone-treated group. 
d: Significantly different from melatonin-treated group.

2Fig. 4: Serum sialic acid level in control and sodium nitrite (NaNO )-treated groups (hypoxic, idebenone (ID),
melatonin (MLT) and ID+ MLT combination groups). 

Data are expressed as mean ± SEM of ten rats in each group. P < 0.05 was considered significant.
a: Significantly different from control group.   
b: Significantly different from sodium nitrite-treated group. 
c: Significantly different from idebenone-treated group.
d: Significantly different from melatonin-treated group.
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2Fig. 5: Serum nitrate/nitrite level in control and sodium nitrite (NaNO )-treated groups     (hypoxic, idebenone
(ID), melatonin (MLT) and ID+ MLT combination groups).

Data are expressed as mean ± SEM of ten rats in each group. P < 0.05 was considered significant.
a: Significantly different from control group. 
b: Significantly different from sodium nitrite-treated group. 
c: Significantly different from idebenone-treated group. 
d: Significantly different from melatonin-treated group.

2Fig. 6: Brain concentration of ATP in control and sodium nitrite (NaNO )-treated groups (hypoxic, idebenone
(ID), melatonin (MLT) and ID+ MLT combination groups). 

Data are expressed as mean ± SEM of ten rats in each group. P < 0.05 was considered significant.
a: Significantly different from control group.   
b: Significantly different from sodium nitrite-treated group,  
c: Significantly different from idebenone-treated group. 

Fig. 7: Section of cerebellar cortex in brain of normal rats showing a single row of normal Purkinji cells (x20).
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Fig. 8: Section of cerebellar cortex in brain of hypoxic rats showing large rounded, swollen and darkly stained
autolysed Purkinji cells (A). The regular arrangement in single layer is also disturbed (B) (x20).

The brain energy content was significantly
improved by pretreatment with both drugs as compared
to hypoxic rats (Fig. 6). Drug combination showed
better improvement as compared to idebenone alone.

 Histological examination revealed the preservation
of cellular integrity and decreased degree of cerebellar
Purkinji cell damage upon pretreatment with idebenone,
melatonin and their combination in comparison with
hypoxic rats (Fig. 9A, B and C, respectively).     

Discussion: Sodium nitrite is known to cause hypoxia
and impaired cerebral energy. Nitrite may be toxic
either directly or through the formation of N-nitroso
compounds. The acute toxic effect of the nitrite
molecule occurs through its ability to oxidize
oxyhemoglobin to methemoglobin, which has a lower
potential to carry oxygen to target tissues, thus causing
hypoxia . Sodium nitrite therefore, resulted in anemic[25]

hypoxia which was confirmed in the present study by

the significantly lower hemoglobin concentration in
hypoxic rats as compared to control group. Severe
anemia was prevented by pretreatment with idebenone
and /or melatonin (Table 1).

Oxidative damage is a consequence of the
inefficient utilization of molecular oxygen by cells.
Thus, hypoxia is well known to produce oxidative
stress leading to tissue injury and damage to bio-
membranes which is reflected in the present study by
increased lipid peroxidation. Similar observation was
obtained previously in different models of hypoxia[8 , 19,

. Additionally and in consistent with the present23-25]

results, the levels of the natural antioxidants (GSH, L-
ascorbic acid) as well as the activities of antioxidant
enzymes; superoxide dismutase (SOD) and catalse
(CAT) were  recorded to be reduced in hypoxia[8 , 1 9 , 24,

. Mitochondria constitute the greatest source of25, 38]

reactive oxygen species (ROS), as the mitochondrial
electron transport system consumes 85-90% of oxygen
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Fig. 9: Section of cerebellar cortex in the brain of rats pretreated with idebenone (A), melatonin (B) and
combination of both drugs (C) showing a single row of normal Purkinji cells (x20).
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utilized by the cell . ROS formed as a consequence[14]

of the leakage of electrons from mitochondrial

respiratory chain, could increase membrane lipid and

protein oxidation, leading to alterations in their

structure and function . The extent of oxidative[15 , 16]

stress could be exacerbated by a decreased efficiency

in the natural antioxidants such as GSH, L- ascorbate

and specific enzymes like SOD, CAT and GSH

peroxidase . Increased lipid peroxides and oxidative[15 , 38]

stress has been implicated as a potential contributor to

the pathogenesis of active CNS injury .[39]

Loss of membrane integrity was also evaluated in

the present study by LDH and CK leakage reflected by

their significant elevation in the serum of hypoxic rats.

CK and LDH are reliable markers of myocardial and

neurodegenerative damages . The release of CK and[40]

LDH requires a leaky plasma membrane and

degradation of subcellular structure; thus, quantitatively

greater amounts of CK and LDH are associated with

increased myocardial and neuronal damage . In[40]

freshly isolated hypoxic rat proximal tubules, LDH

increases progressively after hypoxia . [41]

In agreement with the current results, oxidative

stress –induced tissue damage was found to be

associated with elevation of serum sialic acid . In[42 , 43]

addition, the content of lipid-bound sialic acid has been

found to be considerably elevated in the earliest stages

2of NaNO -induced hypoxia in rats . On the hand, in[44]

the present study, pretreatment with idebenone and/or

melatonin significantly ameliorated the increase in

serum sialic acid level after sodium nitrite

administration. Similarly, in STZ-induced oxidative

stress in rats, pretreatment with melatonin markedly

reduced the elevation of plasma levels of sialic acid

and MDA . [45]

Antioxidants were found to inhibit the cellular

damage induced by oxidative stress .  Idebenone is[8-10]

a short-chain analog of CoQ-10 that is capable of

crossing the blood– brain barrier , and has been[46]

reported to be a potent antioxidant . It has the[12 , 14, 47]

ability to inhibit lipid peroxidation, protect the cell

membrane and mitochondria from oxidative damage[11 ,

 and was found to greatly reduce oxidative brain12]

stress following transient circulatory arrest in the rat .[47]

Mordente et al.  demonstrated that, idebenone can[12]

scavenge a variety of radical species including peroxyl,

peroxy nitrite and organic hydroperoxides thus

preventing lipid peroxidation promoted by these

species. Similarly, melatonin has been found to protect

cells, tissues and organs against the oxidative damage

induced by a variety of free radical generating agents

and processes .  The potential usefulness of[17-19]

melatonin in inhibiting lipid peroxidation and hydroxyl

fo r m a t io n  a s  w e l l  a s  p r o t e c t io n  a g a in s t

ischemic/hypoxic brain damage was previously

reported . Recently, in hypoxic rats, melatonin[16-17, 48-50]

significantly reduced the hippocampal malondiladehyde

(MDA) levels, decreased expression of inflammatory

mediators and elevated expression of antioxidant

enzymes indicating that melatonin mitigates oxidative

stress induced by hypoxic/ischemic state . The[51]

simplest way to account the multiplicity of effects of

melatonin is to posit an early alteration of gene

expression, consisting of depression of mRNAs for

immune-related cytokines and elevation of those for

antioxidant enzymes e.g. SOD, glutathione peroxidase

(GSx), glutathione reductase and catalase . This[22]

would lead to many of the reported enzymic changes

resulting from melatonin treatment.  All these findings

support the current results concerning the effect of

idebenone and/or melatonin on lipid peroxide level as

well as antioxidant enzyme activities in the brain tissue

of hypoxic rats.

Glutathione (GSH) plays a crucial role as a cellular

antioxidant, because it is involved in the reduction of

dehydroascorbate to ascorbate.  Moreover, GSH serves

as a substrate for the GSH peroxidase enzyme which

2 2 catalyzes the break down of H O and other peroxides

derived from lipid peroxidation . Reduced glutathione[14]

also acts as a free radical scavenger and helps to

regulate the thiol disulfide concentration of a number

of glycolytic enzymes and Ca -ATPase, preserving2

intracellular calcium homeostasis .[52]

 The normal physiological levels of ascorbate in

the brain can not be maintained during hypoxia, the

released ascorbate will be likely be oxidized in plasma,

and the oxidized product (dehydroascorbate) is known

to be transported into cells via a glucose transporter .[5 3 ]

In the present study, administration of sodium nitrite

produced a state of GSH depletion leading to reduction

of ascorbic acid levels in the brain. Conversely,

idebenone and/or melatonin pretreatment increased GSH

and ascorbate levels in brain tissue. Although melatonin

showed non significant increase in levels of GSH and

L-ascorbate as compared to hypoxic rats, its

combination with idebenone produced a significant

effect. 

Nitric oxide (NO) is a chemical mediator formed

by inducible nitric oxide synthase (iNOS) that is

activated under hypoxic conditions. NO can be

cytotoxic especially at higher local concentrations. It

can react with ROS or oxygen yielding reactive

nitrogen species which cause damage to biological

molecules such as enzymes, lipids and DNA by

nitrosation, oxidation and nitration . [54]

In the present study, the hypoxic rats showed

elevated levels of NO as compared to normal rats.

Recent studies have shown that nitrite serves as an

endogenous source of NO, particularly in the presence

of hypoxia . NO elevation may be also due to[55]
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increased expression of neuronal NOS (nNOS) mRNA

and NOS activity in the brain. Hypoxia is characterized

by an increase in intracellular calcium that leads to

activation of several enzymatic pathways including

NOS . Several studies demonstrated the involvement[56]

of melatonin in reduction of NOS activity in rats and

consequently reduction in NO levels .  This[16 , 21, 57, 58]

may explain the observed reduction in total

nitrate/nitrite after treatment with melatonin in the

current study.

Serum uric acid is a powerful free-radical

scavenger and – unlike other antioxidants- increases in

response to acute oxidative stress . Uric acid[59 , 60]

formation may provide a significant antioxidant defense

mechanism against nitration by peroxynitrite in tissues

during hypoxia . It is therefore postulated that[61 , 62]

serum uric acid level is an important marker in

oxidative stress . Hypoxia-induced calcium overload[62]

may result in conversion of xanthine dehydrogenase to

xanthine oxidase, the enzyme involved in conversion of

xanthine to uric acid, explaining the rise in serum uric

acid recorded in the present study . Conversely,[56]

scavenging of free radicals by administration of

idebenone and/or melatonin preserved serum uric acid

levels in the present work.

The normal function of the brain is inevitably

dependent on adequate supply of oxygen and glucose.

2The bulk of the O  absorbed by cells is used for

mitochondrial generation of energy in the form of

ATP . Acute reduction in cerebral oxygen delivery[63]

will lead to the breakdown of neuronal energy

metabolism  which concordant with the finding of[64 , 65]

the present study. 

ATP synthesis within the mitochondrial respiratory

chain occurs via electron flux and the subsequent

generation of a proton potential. High concentrations of

ROS and reactive nitrogen species, resulting from

impaired oxidative phosphorylation or electron leakage,

induce apoptosis with the consequence of breakdown of

the proton potential and opening of the mitochondrial

permeability transition pore thereby depleting ATP

levels .[66]

In the current study, idebenone and/or melatonin

preserved ATP content in the brain of hypoxic rats

suggesting their protection against hypoxia through

improving the cerebral energy metabolism. 

In consistent with our results, idebenone has been

found to protect against hypoxia in mice  and inhibit[27]

the decrement of ATP content in brain .  Idebenone[13 , 67]

is a putative neuroprotective agent that ameliorates the

neurological deficits related to cerebral ischemia and

stroke  and inhibits the disruption of phospholipids[13 , 68]

in the membrane of ischemic rats . Recent studies[6 8 ]

showed that idebenone is effective in improving

cerebellar symptoms in patients with Friedreich's

ataxia  and is reported to improve cerebral[6 9 ]

mitochondrial oxidative metabolism in patients with

mitochondrial encephalopathy . Neuroprotective[70 , 71]

effects of idebenone were attributed partially to its

ability to activate the electron transport chain,

preserving mitochondrial ATP production in the brain

with the consequent improvement of cerebral energy

metabolism .  In addition, its role in scavenging ROS[72]

and inhibiting lipid peroxidation could be an important

factor in improving mitochondrial respiratory chain.

Studies have shown that, under cellular low oxygen

conditions, Co Q10- an antioxidant and important

member in electron transport chain- can acts as a

producer of damaging free radicals. On the other hand,

under the same conditions, idebenone- the synthetic

analog of CoQ10- prevents the free radical damaging

effect and maintains relatively normal cell ATP

levels . Iron plays a central role in ATP generation in[11 ]

the electron transport chain.  Yet, under low oxygen

conditions, iron can act as a powerful initiator of free

radical production and cell structural damage by

diverting oxygen to produce free radicals inside the

mitochondria, instead of energy. Studies have shown

that Idebenone can almost completely eliminate this,

diverting 10% of cellular oxygen away from toxic iron

induced free radical generation, to beneficial ATP

energy production under hypoxic conditions .[14 , 15]

Melatonin is capable of preserving the functional

and energetic status during ischemia/reperfusion and

thus improves ATP synthesis . The ability of[73]

melatonin to maintain indices of mitochondrial health

was previously explained through down-regulation of

caspases and inhibition of mitochondrial DNA

fragmentation, apoptosis and closure of permeability

transition pore . Recently, activation of specific[20, 73, 74 ]

melatonin receptors was also implicated in its

neuroprotection via enhancement of antioxidant

enzymes and down-regulation of basal levels of

inflammation . In addition, administration of[2 2 ]

melatonin has been reported to increase the activities of

mitochondrial respiratory enzymes in brain tissues . It[75]

is suggested that melatonin interacts with complexes of

the electron transport chain and may donate and, as an

oxidized intermediate, accept electrons thereby

increasing the electron flow, a property not shared by

most antioxidants previously investigated, with the

exception of CoQ10. Melatonin could also act to

reduce electron leakage and to re-feed the electrons to

the transport chain, thereby supporting net electron

flux, proton potential and ATP synthesis .[73 , 75-76]

To our knowledge, this work is the first study that

investigates the effect of co-administration of idebenone

and melatonin in management of hypoxia. The current

results revealed that, combination of idebenone and

melatonin  significantly  ameliorated  the  indices  of
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oxidative damage and improved ATP production in

brain tissues compared with each drug alone.  
The cerebellum significantly differs with respect to

ischemia and hypoxia. Cerebellar Purkinji cells
represent a group of neurons highly vulnerable to 

ischemic and hypoxic stress . Short-term hypoxic[77]

exposure elicits dose-dependent cerebellar Purkinji and

fastigial  neuron  damage .  In  agreement  with the[78]

current results, acute hypoxia was found to induce a

characteristic type of toxicity of Purkinji cells
resembling excitotoxic-mediated dark cell degeneration.

Morphologically, Purkinji cells exhibited marked
rounded appearance with cytoplasmic darkening,

nuclear condensation and cytoplasmic vacuoles .  The[79]

improvement of biochemical parameters estimated in

the present study was greatly supported by
histopathological examination where cell damage

(swollen, autolytic and darkened shrunken cells)
induced by sodium nitrite completely prevented by

pretreatment idebenone and/or melatonin groups. 

Conclusion: Administration of either idebenone or
melatonin significantly protects the brain against

oxidative stress-induced tissue damage and ameliorates
the energy failure in damaged brain tissues induced by

sodium nitrite. Co-administration of both drugs offers
an additional potential usefulness in protection of the

brain.
The current study greatly recommends the

beneficial use of idebenone/melatonin combination in
the management of neurodegenerative conditions that

involve free radical production and reduction in brain
energy particularly in hypoxic states.
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