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Background: Low doses of carbon monoxide (CO) prevent apoptosis in several cell models, including astrocytes.
Results: CO improves cytochrome c oxidase (COX) activity and induces mitochondrial biogenesis. Bcl-2 expression and
interaction with COX is involved in CO signaling.
Conclusion: CO stimulates oxidative phosphorylation, improves metabolism, and prevents astrocytic apoptosis.
Significance:Metabolism modulation can be a potential strategy against cerebral ischemia.

Modulation of cerebral cell metabolism for improving the
outcome of hypoxia-ischemia and reperfusion is a strategy
yet to be explored. Because carbon monoxide (CO) is known
to prevent cerebral cell death; herein the role of CO in the
modulation of astrocytic metabolism, in particular, at the
level of mitochondria was investigated. Low concentrations
of CO partially inhibited oxidative stress-induced apoptosis
in astrocytes, by preventing caspase-3 activation, mitochon-
drial potential depolarization, and plasmatic membrane per-
meability. CO exposure enhanced intracellular ATP genera-
tion, which was accompanied by an increase on specific
oxygen consumption, a decrease on lactate production, and a
reduction of glucose use, indicating an improvement of oxi-
dative phosphorylation. Accordingly, CO increased cyto-
chrome c oxidase (COX) enzymatic specific activity and stim-
ulated mitochondrial biogenesis. In astrocytes, COX
interacts with Bcl-2, which was verified by immunoprecipita-
tion; this interaction is superior after 24 h of CO treatment.
Furthermore, CO enhanced Bcl-2 expression in astrocytes.
By silencing Bcl-2 expression with siRNA transfection, CO
effects in astrocytes were prevented, namely: (i) inhibition of
apoptosis, (ii) increase on ATP generation, (iii) stimulation of
COX activity, and (iv) mitochondrial biogenesis. Thus, Bcl-2
expression is crucial for CO modulation of oxidative metab-
olism and for conferring cytoprotection. In conclusion, CO
protects astrocytes against oxidative stress-induced apopto-
sis by improving metabolism functioning, particularly mito-
chondrial oxidative phosphorylation.

Proposing carbon monoxide (CO) as a therapeutic molecule is
counterintuitive at first glance because for many decades, it has
been seen primarily as a toxic gas and “silent killer” due to its high
affinity for hemoglobin. However, CO has been identified as an
endogenous product of heme degradation by heme oxygenase
activity. Furthermore, CO is recognized largely as a homeostatic
molecule, modulating inflammation, apoptosis, and proliferation
(1, 2). Threemain areas of potential therapeutic applications have
been studied extensively: cardiovascular diseases, inflammatory
disorders, and organ transplantation (1, 3).
The cytoprotective and, in particular, anti-apoptotic role of CO

is described widely in the airways and cardiovascular system (4).
The anti-apoptotic protein Bcl-2 also seems to be involved inCO-
induced cytoprotection. CO-stimulatedBcl-2 expression has con-
ferred protection in a lung model of ischemia reperfusion (5),
whereas overexpressionof hemeoxygenase 1wasneuroprotective
in amodel of permanentmiddle cerebral artery occlusion in trans-
genicmice by increasing Bcl-2 levels in neurons (6). In the central
nervous system (CNS), lowconcentrations ofCOsuppressedneu-
roinflammation in a model of multiple sclerosis (experimental
autoimmune encephalomyelitis) (7) and induced vasodilatation in
a model of epileptic seizures in newborn piglets (8). In primary
cultures of neurons and astrocytes, CO induced preconditioning
by de novo protein synthesis and by post-translational protein
modification, respectively, preventingapoptosis (9, 10). In anadult
model of cerebral ischemia, brain lesion was less marked in CO-
pretreated animals (11, 12).
However, the association between CO-induced metabolic

changes and its cytoprotective role remains unclear. In hepato-
cytes, ATP production is stimulated by increasing enzymatic
activity of heme oxygenase or by administrating of CO (13, 14),
which enhances resistance against hepatic apoptosis. On the
other hand, CO has been shown to target and inhibit cyto-
chrome c oxidase, generating ROS,2 which are important sig-
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naling molecules for CO action (15–18). In cardiomyocytes,
CO triggers mitochondrial biogenesis in a ROS-dependent
mode (19) and prevents murine doxorubicin cardiomyopathy
(20). Still, ROS (in particular hydrogen peroxide and anion
superoxide) are crucial intracellular signalingmolecules for CO
to prevent apoptosis in astrocytic and neuronal primary cul-
tures (9, 10).
Hypoxia-ischemia and reperfusion, due to stroke in adults

and to perinatal complications in newborns, are themain cause
of brain damage. Cerebral damage is a result of oxygen and
tissue energy depletion, leading to acidosis, inflammation, glu-
tamate excitotoxicity, and generation of ROS (21, 22). Stimula-
tion of angiogenesis is the single strategy based on improving
metabolism for treating cerebral hypoxia-ischemia and reper-
fusion (21). Thus, novel strategies targeting cellular metabolic
performance represent a window of opportunity for addressing
and improving brain ischemia outcome. Furthermore, astro-
cytes are the most metabolic active cells in the CNS and are
involved in brain structural support, repair after trauma, and
maintenance of normal neuronal transmission and metabo-
lism. Herein, the role of CO in astrocytic metabolism to confer
cytoprotection and prevent damage in amodel of hypoxia-isch-
emia and reperfusion is explored. The hypothesis lies on an
enhancement of oxidativemetabolism byCOviamodulation of
cytochrome c oxidase activity and mitochondrial biogenesis;
both events are dependent on Bcl-2 expression.

EXPERIMENTAL PROCEDURES

Materials—All of the chemicals were of analytical grade and
were obtained from Sigma-Aldrich unless stated otherwise.
Plastic tissue culture dishes were from Nunc (Roskilde, Den-
mark); fetal bovine serum, penicillin/streptomycin solution,
and Dulbecco’s minimum essential medium were obtained
from Invitrogen; andWistar ratswere purchased from Instituto
de Higiene e Medicina Tropical (Lisboa, Portugal).
Cell Culture in Monolayer—Primary cultures of astrocytes

were prepared from 2-day-old rat cortex as described (23, 24).
Briefly, cerebral hemispheres were carefully freed of themenin-
ges, washed in ice-cold PBS, and disrupted mechanically. Sin-
gle-cell suspensions were plated in T-flasks (three hemi-
spheres/175 cm2) in Dulbecco’s minimum essential medium
supplemented with 10% (v/v) FBS (heat-inactivated), 100
units/ml penicillin/streptomycin solution, and glucose (to
obtain a final concentration of 10mM).Cellsweremaintained in
a humidified atmosphere of 7% CO2 at 37 °C. After 8 days, the
phase dark cells growing on the astrocytic cell layer were sepa-
rated by vigorous shaking and removed. The remaining astro-
cyteswere detached bymild trypsinization using trypsin/EDTA
(0.25%, w/v) and subcultured in T-flasks for another 2 weeks.
Growth medium was changed twice a week.
Cell Culture in Bioreactor—After 3 weeks of astrocytes isola-

tion in T-flasks, cells were harvested bymild trypsinization and
immobilized in Cytodex 3 microcarriers (3 g/liter, GE Health-
care) using a cell inoculumof�0.35� 106 cell/ml. Immobilized
cells were initially cultivated in spinner flask at 100 rpm, in an
incubator at 37 °C with 7% CO2 in air. 50% of the culture vol-
ume was exchanged twice a week, and cells were allowed to
grow until reach confluence, prior to the experiments in biore-

actor, for assessing glucose consumption, lactate production,
and specific oxygen consumption. To carry out the assays in
bioreactor, fully controlled cell culture environment was guar-
anteed by the use of commercially available bioreactors (Biostat
Q-Plus, Sartorius-Stedim, Germany) with 250 ml of working
volume and equipped with a three-blade impeller. Partial pres-
sure of oxygen, pH, and temperature were monitored using
adequate probes (both from Mettler-Toledo, Urdorf, Switzer-
land). Partial pressure of oxygen was maintained constant at
30% of air saturation via surface aeration with a mixture of N2.
pH and temperature were controlled at 7.2 and 37 °C by CO2
injection and water recirculation in the vessel jacket, respec-
tively. Stirring was set to 100 rpm. For bioreactor control and
data acquisition, MFCS/Win software (version 2.1) was used
(Sartorius AG).
Measurement of Oxygen-specific Consumption (qO2)—Oxy-

gen uptake rate (OUR) was assessed continuously during the
culture by using Equation 1,

OUR � kLa � �C* � C� (Eq. 1)

where kLa is the mass transfer coefficient calculated previously
for the used culture conditions (data not shown) as described in
Ref. 25; C* is saturated oxygen concentration, and C is oxygen
concentration in solution.
Then, the qO2 value was determined using Equation 2.

qO2 � OUR/Xv (Eq. 2)

OUR and Xv (viable cell concentration) values used for qO2
correspond to the same specific time point of the culture.
Lactate/Glucose Ratio—Total glucose and lactate concentra-

tions in the culture supernatant (from bioreactor system) were
determined with automated enzymatic assays (YSI 7100 Mul-
tiparameter Bioanalytical System; Dayton, OH). The rate
between lactate production and glucose consumption was
obtained by linear regression of themetabolites concentrations.
siRNA Transfection—Bcl-2 expression was silenced by Bcl-2

coding siRNA transfection according to the manufacturer’s
instructions (Invitrogen). Astrocytes at 40% of confluence were
transfected using LipofectamineTM RNAiMAX and Opti-
MEM� medium (Invitrogen); for 2, 3.9, or 79 cm2 of astrocytic
culture area 6, 12, or 237 pmol of siRNAwere used, respectively.
At room temperature, siRNA and culture medium were mixed
gently with Lipofectamine for forming liposomes, and then
astrocytes were transfected in the absence of antibiotics. 24, 48,
and 72 h after transfection Bcl-2 expression was assessed by
Western blot assay, silencing was more efficient between 24
and 48 h, and then Bcl-2 silenced astrocytes were used in this
time frame.
Isolation of Non-synaptic Mitochondria from Cortex—En-

riched fractions of non-synaptic mitochondria were isolated
from 300–350-g male Wistar adult rats according to Refs. 26
and 27. Briefly, the cortex was removed and washed in a ice-
cold isolation buffer containing 225 mM manitol, 75 mM

sucrose, 1 mM EGTA, and 5mMHEPES, pH 7.4. The tissue was
minced with scissors and homogenized manually with Potter-
Elvehjem in isolation buffer. The homogenate was centrifuged
at 1300 � g for 3 min, and the resuspended pellet was recentri-
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fuged at 1300 � g for 3 min. Both supernatants were pooled
together and centrifuged at 21,200 � g for 10min. The remain-
ing pellet was resuspended in 3.5ml of 15% Percoll solution and
layered into centrifuge tubes containing a preformed two-step
discontinuous density gradient consisting of 3.7 ml of 24% Per-
coll on top of 1.7 ml of 40% Percoll. The gradient was centri-
fuged at 31,700 � g for 9 min. The mitochondrial fraction,
located between the layers of 24 and 40% Percoll, was removed,
diluted 1:8 in isolation buffer, and centrifuged at 16,700 � g for
10 min. The pellet was resuspended in 10 ml of isolation buffer
containing 5 mg/ml bovine serum albumin (to remove lipids)
and centrifuged at 6,800 � g for 10 min. The mitochondrial
pellet was resuspended in 100 �l of isolation buffer, and the
total amount of protein was quantified using a BCA assay
(Pierce). All of the steps were carried out at 4 °C. All isolated
mitochondria analyses were performed on modified brain
buffer (26) containing 125mMKCl, 2mMK2HPO4,1mMMgCl2,
15 M EGTA, 20mMTris, 5 mM glutamate, and 5mMmalate, pH
7.3, unless stated otherwise. All CO treatment in isolated mito-
chondria was performedwith a final concentration of 10�M for
5, 30, and 60 min at 37 °C.
Preparation of CO Solutions—Fresh stock solutions of CO

gas were prepared each day and sealed carefully. PBS was satu-
rated by bubbling 100% of CO gas for 30 min to produce 10e�3

M stock solution. The concentration of CO in solution was
determined spectrophotometrically by measuring the conver-
sion of deoxymyoglobin to carbon monoxymyoglobin as
described previously (40). 100% CO was purchased as com-
pressed gas (Linde, Germany).
Assessment of Apoptosis-associated Parameters by Flow

Cytometry—To detect apoptosis induced by tert-butylhy-
droperoxide (t-BHP), cell samples were collected by trypsiniza-
tion, and cells were gated by the forward and side scatter.
Two dyes were used: 3,3�-dihexyloxacarbocyanine iodide
(DiOC6(3); 20 nM) (Invitrogen) to quantify the mitochondrial
transmembrane potential (��m) and propidium iodide (1
�g/ml) (Invitrogen) to determine cell viability, based on plasma
membrane integrity. A flow cytometer (Partec) was used to
analyze apoptosis-associated parameters. This cytometer con-
tains a blue solid state laser (488 nm) with FL1 green fluores-
cence channel for DiOC6 (3) at 530 nm and a FL3 red fluores-
cence channel for propidium iodide detection at 650 nm. The
acquisition and analysis of the results were performed with
FlowMax� software (Partec).
Immunoprecipitation—100 �g of mitochondrial protein

(isolated from astrocytes or from rat cortex) were incubated in
100 �l of homogenization buffer containing 0.5% of Triton
X-100 in the presence of 30 �l of COX (Santa Cruz Biotechnol-
ogy; 200 �g/ml) for 90 min at 37 °C, followed by immunopre-
cipitationwith 15�l of proteinA/GPLUS-agarose beads (Santa
Cruz Biotechnology) during 30 min at 37 °C. After 10 min of
10,000 � g centrifugation, supernatant was discarded, and pel-
let was washed four times with PBS. Proteins attached to the
beads were solubilized by Laemmli buffer for further Western
blot analysis.
Immunoblotting—Several samples (from cell extracts, mito-

chondria, or immunoprecipitated protein) were separated
under reducing electrophoresis on a 1mmofNuPAGE�Novex

Bis-Tris gel (Invitrogen) and transferred to a nitrocellulose
membrane (HybondTM-C extra, Amersham Biosciences).
Caspase-3 or Bcl-2 protein was stained with �-active caspase-3
(Sigma C8487) or �-Bcl-2 (Santa Cruz Biotechnology) at
1/1000 dilution for 2 h at room temperature. Blots were devel-
oped using the ECL (enhanced chemiluminescence) detection
system after incubationwithHRP-labeled anti-mouse IgG anti-
body (Amersham Biosciences Bioscience), 1/5000, 1 h of room
temperature incubation. These experiments have been
repeated three times, with similar results.
Mitochondrion Isolation from Primary Culture of Astrocytes—

Primary cultures of astrocytes were pretreated 3 and 24 h with
CO (final concentration of 50 �M). Cells were washed with ice-
cold PBS and collected by trypsinization. The samples were
centrifuged at 200� g for 10min, and cells were washed in PBS
by centrifugation at 200 � g for 10 min. The supernatant was
discarded, and the pellet (cells) was incubated in 3.5ml of hypo-
tonic buffer (0.15 mM MgCl2, 10 mM KCl, 10 mM Tris-HCl, pH
7.6) at 4 °C for 5 min. After the addition of an equal volume of
homogenization buffer (0.15 mM MgCl2, 10 mM KCl, 10 mM

Tris-HCl, 0.4 mM phenylmethylsulfonyl fluoride, 250 mM sac-
charose, pH 7.6) twice concentrated, samples were manually
homogenized with a Dounce Potter homogenizer. Cell extracts
were centrifuged at 900� g for 10min, followed by supernatant
centrifugation at 10,000 � g for 10 min. The mitochondrial
pellet was resuspended in 100�l of homogenization buffer, and
the total amount of protein was quantified using BCA assay
(Pierce). All of the steps were carried out at 4 °C.
ATP Quantification—Intracellular ATP of primary astro-

cytes pretreated with CO (final concentration of 50 �M) was
quantified using the ATPlite 1 step Luminescence ATP detec-
tion assay system (PerkinElmer Life Sciences), according to the
manufacturer’s instructions.
Polymerase Chain Reaction—Genomic DNA was extracted

fromastrocytes using theHighPure PCRTemplate preparation
kit (Roche Diagnostics, Mannheim, Germany). PCR was per-
formed using specific forward and reverse primers designed for
themitochondrial cytochrome b gene (5�-CATCAGTCACCC
ACA TCT GC-3� and 5�-GGT TAG CGG GTG TAT AAT
TG-3�) and for the GAPDH gene (5�-CCT TCA TTG ACC
TCA ACT ACA T-3� and 5�-CCA AAG TTG TCA TGG ATG
ACC-3�), respectively. Fast StartDNAMaster Plus SYBRGreen
I (Roche Diagnostics) was used with the experimental run pro-
tocol: denaturation program was 95 °C for 10 min, followed by
45 cycles of 95 °C for 15	, 60 °C for 6�’ and 72 °C for 20�’. For
evaluation of Bcl-2 expression, mRNA was extracted from
astrocytes using High Pure RNA isolation kit (Roche Diagnos-
tics), and cDNA synthesis was performed using the Transcrip-
tor High Fidelity cDNA synthesis kit (Roche Diagnostics). PCR
was performed using specific forward and reverse primers
designed for the Bcl-2 gene (5�-GGTGGAGGAACTCTTCA-
GGG-3� and 5�-GAGACAGCCAGGAGAAATCA-3�) and for
the cyclophilin A gene (5�-ATGGCAAATGCTGGACC-
AAA-3� and 5�-GCCTTCTTTCACCTTCCCAAA-3�), respec-
tively. Fast Start DNA Master Plus SYBR Green I (Roche
Diagnostics) was used with the experimental run protocol:
denaturation program was 95 °C for 10 min, followed by 45
cycles of 95 °C for 15min, 66 °C for 10min and 72 °C for 15min.
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Cytochrome c Oxidase Activity—To assess CO early effect in
COX activity (5 min, 30 min, and 1 h), 100 �g of non-synaptic
mitochondria from cortex were treated with 10 �M of CO fol-
lowed by COX activity measurements. For late effect, mito-
chondria from pretreated astrocytes were isolated, and then
100 �g of mitochondria were used to quantify COX enzymatic
activity. In both cases, COX activity was quantified using the
cytochrome c oxidase assay kit (Sigma-Aldrich), according to
the manufacturer’s instructions.
Statistical Analyses—The data concerning astrocytic culture

were carried out at least in three independent preparations (cell
isolation). All data related to isolated non-synaptic mitochon-
dria were done in triplicate from at least three independent
animals. For Western blotting, a representative image of three
independent assays is shown. All values are mean 
 S.D. (n �
3). Error bars, corresponding to S.D., are shown in the figures.
Statistical comparisons were performed using analysis of vari-
ance: single factor with replication, with p � 0.05 (n � 3). p �
0.05 means that samples are significantly different at a confi-
dence level of 95%.

RESULTS

CarbonMonoxide Prevents Apoptosis and Increases Intracel-
lular ATP—3h prior to apoptosis induction, primary culture of
astrocytes was pretreatedwithCO-saturated solutions at a final
concentration of 50 �M. Then, astrocytes were challenged with
the pro-oxidant tert-butylhydroperoxide (80 to 240 �M) during
20 h to trigger apoptosis by oxidative stress. The assessed hall-
marks of apoptosis were dissipation of mitochondrial mem-
brane potential (��m), caspase-3 activation and plasma mem-
brane permeabilization, a late event on the apoptotic process
(also called secondary necrosis). Dissipation of ��m (quanti-
fied by DiOC6(3)) and plasma membrane permeabilization
(detected by iodide propidium fluorescence) were measured by
flow cytometry. The presence of CO partially prevents dissipa-
tion of ��m and permeabilization of plasma membrane (Fig.
1A). Caspase-3 activation was assessed by Western blot assay,
in CO-treated astrocytic culture, there was less activated
caspase-3 (Fig. 1B). Thus, in accordance to our previous work
(9), CO prevents astrocytic apoptosis.

It is worthy of note that upon opening the sealed vial of CO-
saturated solution, COdiffuses out quickly from the cell culture
system; after 30 min, �50% is already lost in the atmosphere.3
Additionally, up to 48 h after CO treatment, astrocytes still
present increased resistance against cell death (supplemental
Fig. S1). Hence, CO action might occur by activating endoge-
nous mechanisms and by altering gene expression.
In addition, the effect of CO on astrocytes does not appear to

be limited to shifting cell death signaling pathways, but this
gaseous transmitter also changes cell metabolism. Intracellular
ATP concentration is higher at 3 and 24 h after CO treatment
than in non-treated astrocytes (Fig. 2). Thus, cellular metabo-
lism alterations seem to be involved in prevention of astrocytic
apoptosis by CO via an increase of cellular energetic supply.
Carbon Monoxide Improves Oxidative Metabolism—Glycol-

ysis comprises a series of biochemical reactions by which glu-
cose is converted into pyruvate, which may be further con-
verted into metabolic products such as lactate or enter into a
tricarboxylic acid (TCA) cycle. To disclose the metabolic path-

3 J. Seixas, personal communication.

FIGURE 1. Carbon monoxide confers protection against apoptosis. Primary cultures of astrocytes cultured in 24-well plates were pretreated with 50 �M of
CO for 3 h, following apoptosis induction by 20 h of exposure to the pro-oxidant, t-BHP (from 0 to 240 �M). The apoptotic hallmarks were assessed by flow
cytometry. In A, the percentage of cells presenting high mitochondrial potential (detected by DiOC6(3)) and containing intact plasma membrane (assessed
with propidium iodide) is presented. All values are mean 
 S.D. (n  4). *, p � 0.05 compared with control and CO-treated cells for each concentration of t-BHP.
B, representative picture of immunodetection of caspase-3 activation by its cleavage into the 17-kDa fraction. The first line corresponds to astrocytes treated
with t-BHP at 160 �M (20 h); the second line astrocytes pretreated with 50 �M of CO (3 h) followed by t-BHP induction of apoptosis.

FIGURE 2. CO increases ATP generation in astrocytes. Astrocytes were
treated with 50 �M of CO for 3 and 24 h, followed by ATP assessment. ATP
concentration is represented per �g of protein from cellular extract. All values
are mean 
 S.D. (n  3). *, p � 0.05 compared with control and CO-treated
cells for 3 and 24 h. Ctr, control.
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way involved in the CO-induced ATP enhance and to follow
whether the cellular metabolic shift is further glycolytic or oxi-
dative, the levels of lactate production and glucose consump-
tion were monitored. Specific rates of glucose consumption or
lactate production (�mol h�1 per cell) were calculated
throughout 36 h after CO treatment (50 �M) in astrocytic cul-
tures performed in bioreactors, and data are summarized in
Table 1. Upon CO addition, the lactate production/glucose
consumption ratio decreased, meaning that higher amounts of
pyruvate entered and were metabolized by the TCA cycle (28).
Additionally, the specific rate of oxygen consumption (qO2)
was calculated in the presence of CO in astrocytes cultured for
36 h in the bioreactor system. CO treatment increases oxygen
consumption by astrocytes in �20% (Table 1). Given that CO
decreases the lactate production/glucose consumption ratio
and increases specific oxygen consumption, the CO-induced
enhance in ATP production appears to be derived from oxida-
tive phosphorylation improvement.
Furthermore, to verify the importance of glycolytic metabo-

lism in astrocytes after CO treatment, glycolysis was limited by
two different strategies: (i) using glucose-free medium in the
presence of deoxyglucose (which competes with the remaining
glucose from the serum) or the (ii) same strategy as mentioned

previously, with the addition of pyruvate to reinforce the TCA
cycle and oxidative phosphorylation. After 2 h of astrocytic cul-
ture under glycolysis-limiting conditions, CO was added to the
culture medium. In both strategies, CO treatment still
increased the levels of ATP in astrocytes after 3 and 24 h (Fig.
3A). Thus, CO-induced ATP enhance was not due to an
improvement on glycolytic metabolism. Additionally, glycoly-
sis limitation did not prevent CO-triggered cytoprotection in
astrocytes because there is inhibition of astrocytic apoptosis by
CO when glucose is not available (Fig. 3, B and C).
The effect of CO onCOX activity wasmeasured to assess the

influence of this gaseous transmitter on oxidative phosphory-
lation. Two distinct approaches were followed. First, non-syn-
aptic mitochondria isolated from rat cerebral cortex were
treated with CO at 10 �M, and COX activity was measured at 5,
30, and 60 min after treatment. Although being a less physio-
logical approach, this strategy allows the assessment of the
mitochondrial early response to CO (in particular at the level of
COX activity). Immediately after CO addition (5 min), COX
activity decreases slightly (Fig. 4A), which is in accordance with
Refs. 16–18 and 29). Although a small effect, it is statistically
significant. After 30 and 60min ofCO treatment, this inhibition
is reverted (Fig. 4A).

FIGURE 3. Effect of CO on ATP production and protection against cell death under glycolysis-limiting conditions. Astrocytes were cultured in glucose-
free medium complemented with 2 mM deoxyglucose (for inhibiting small amounts of glucose presented in FBS) (A and B) and glucose-free medium with
deoxyglucose and 2 mM pyruvate (for directly feeding the TCA cycle) (A and C) for 2 h. A, astrocytes were treated with 50 �M CO for 3 and 24 h, followed by ATP
assessment. ATP concentration is represented per �g of protein from cellular extract. All values are mean 
 S.D. (n  3). *, p � 0.05 compared with control and
CO-treated cells for 3 and 24 h, under normal conditions and glycolysis-limiting conditions. After culturing astrocytes in glucose-free medium complemented
with 2 mM deoxyglucose (B) and glucose-free medium with deoxyglucose and 2 mM pyruvate (C) for 2 h, 50 �M CO was added for 3 h, followed by cell death
induction with t-BHP (0 to 240 �M). The apoptotic hallmarks were assessed by flow cytometry as in Fig. 1. All values are mean 
 S.D. (n  3). *, p � 0.05 compared
with control and CO-treated cells for each concentration of t-BHP.

TABLE 1
Metabolic Hallmarks

Glucose consumption Lactate production Lac/Glc qO2

pmol/h/cell 
 S.D. pmol/h/cell 
 S.D. �mol/106 cell/h 
 S.D.
No treatment 0.2612 
 0.0022 0.4460 
 0.0003 1.708 0.142 
 0.006
CO treatment (50 �M) 0.2923 
 0.0337 0.3831 
 0.0426 1.311 0.170 
 0.0130
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In a second strategy, astrocytes were treated with 50 �M of
CO for 3 or 24 h, followed by mitochondria isolation for COX
activity assessment. In this more physiological approach, CO
increased specific COX activity at 3 and 24 h (Fig. 4B). There-
fore, COX activity presents a two-step response to low concen-
trations ofCO: in the firstminutes, CO slightly inhibits its enzy-
matic activity in isolated mitochondria, whereas after 30 or 60
min of CO treatment in the case of isolated mitochondria, and

3 or 24 h when gas treatment is done in whole intact astrocytes,
low concentrations of CO appear to improve COX activity.
This two-step response is in accordance to our previouswork in
isolated livermitochondria, showing that CO transiently inhib-
ited COX activity up to 10 min after treatment, followed by an
enzymatic activity improvement at 30 min (30).
In addition to COX activity assays, the influence of CO treat-

ment on cellular mitochondrial population also was assessed.
Quantitative real-time PCR was used to quantify mitochondrial
codinggene forcytochromeb,whichestimatesmitochondrialbio-
genesis. Indeed, 3 h of CO treatment induced a 50% increase on
mitochondrial cytochromebDNAinastrocytes,meaning thatCO
stimulates mitochondrial DNA replication and, consequently,
mitochondrial biogenesis. At 24 h, there is a slight decrease on the
amount of cytochrome bDNA(Fig. 4C). These data are in accord-
ance with Suliman and co-workers (19, 20), who have shown that
in cardiomyocytes CO induces mitochondrial biogenesis in a
ROS-dependentmanner. Taken together, CO improves oxidative
cell metabolism and increases ATP production by two distinct
mechanisms: accelerating specific enzymatic activity of COX and
increasing cellular mitochondrial population.
Role of Bcl-2 in Oxidative Phosphorylation—CO modulates

the expression of the anti-apoptotic protein Bcl-2, preventing
cell death in a lung model (6, 5). On the other hand, Chen and
co-workers (31, 32) have demonstrated that Bcl-2 promotes
survival of cancer cells by elevating mitochondrial respiration
through the direct interaction with COX and improvement of
its activity. Thus, we hypothesized that CO could also increase
Bcl-2 expression in astrocytes and that Bcl-2 could be involved
on CO-triggered improvement of COX activity. CO modula-
tion of Bcl-2 expression was evaluated by reverse transcriptase
quantitative PCR.Astrocytes were treatedwith 50�MofCO for
3 and 24 h, and then total mRNA was purified, and the corre-
sponding cDNAwas synthesized by reverse transcriptase activ-
ity and quantified by real-time PCR. CO induced an increased
on Bcl-2 mRNA (Fig. 5A). To assess the physical interaction of
COX and Bcl-2 upon CO action, immunoprecipitation assays
were conducted. Purifiedmitochondria fromcontrol astrocytes
or from CO-treated astrocytes for 3 and 24 h were incubated
with �-COX to immunoprecipitate the attached proteins to
cytochrome c oxidase, followed by immunodetection of Bcl-2
byWestern blot assay. The presence of CO augments the inter-
action between Bcl-2 and COX after 24 h of CO treatment (Fig.
5B); however, after 3 h the increase in protein-protein interac-
tion is not significant. Therefore, the augmentation of Bcl-2-
COX interaction might occur due to an increase on Bcl-2
expression. Taken together, Bcl-2 is involved in CO-stimulated
cytochrome c oxidase activity.
To validate this hypothesis, Bcl-2 expression was silenced

transiently by cell transfection with siRNA coding for Bcl-2.
Silencing was confirmed by protein expression analysis via
Western blot assay 24 and 48 h after transfection (supplemental
Fig. S2). Silencing of Bcl-2 expression prevented the cytopro-
tective effect of CO, which was demonstrated by flow cytom-
etry analysis upon oxidative stress induction. CO pretreatment
was not able to inhibit plasma membrane permeabilization
(detected by iodide propidium fluorescence) or dissipation of
mitochondrial membrane potential, ��m, (quantified by

FIGURE 4. Effect of CO on cytochrome c oxidase activity and mitochondria
biogenesis. A, non-synaptic mitochondria were isolated from rat cortex, 100
�g were treated with 10 �M CO, and COX enzymatic activity was assessed at 5,
30, and 60 min. All values are mean 
 S.D. (n  3). *, p � 0.05 compared with
control and CO-treated cells for 5, 30, and 60 min. B, astrocytes were treated
with 50 �M CO for 3 and 24 h, followed by mitochondria isolation (100 �g) and
COX activity measurements. All values are mean 
 S.D. (n  3). *, p � 0.05
compared with control and CO-treated cells for 3 and 24 h. C, astrocytes were
treated with 50 �M of CO for 3 and 24 h, followed by DNA extraction for
measuring mitochondrial cytochrome b (mtCyt b) gene to assess mitochon-
drial DNA amount, which is represented by fold increase when compared
with control without CO treatment. All values are mean 
 S.D. (n  4). *, p �
0.05 compared with control and CO-treated cells for 3 and 24 h. munits, mil-
liunits; prot, protein; Ctr, control.
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DiOC6(3)) (Fig. 6A). Furthermore, whenever Bcl-2 expression
is silenced CO did not prevent caspase-3 activation induced by
pro-oxidant addition (Fig. 6B). The role of Bcl-2 is not limited
to modulation of astrocytic apoptosis after oxidative stress
challenge. Bcl-2 expression is also relevant for the following: (i)
CO-induced ATP production, (ii) CO-increased COX activity,
and (iii) CO-stimulated mitochondrial biogenesis. Indeed,
Bcl-2 silencing prevented ATP generation enhancement by CO
treatment (Fig. 6C). However, Bcl-2 expression is also crucial
for CO to increase COX activity following gas exposition
because by silencing Bcl-2, no increase on this enzymatic activ-
ity was observed (Fig. 6D). Finally, by silencing Bcl-2, CO did
not stimulate anymoremitochondria biogenesis after gas expo-
sition (Fig. 6E). In conclusion, Bcl-2 expression and interaction
with COX are crucial for CO improvement of oxidative
phosphorylation.

DISCUSSION

Previously, we have demonstrated that CO confers protec-
tion against astrocytic cell death by directly acting on mito-

chondria and preventing mitochondrial membrane permeabi-
lization, which is a key event in the intrinsic apoptotic pathway
(9). The present work focuses on the role of CO in astrocytic
metabolism modulation, in particular at mitochondrial level.
Pretreatment of astrocytes with low doses of CO for 3 h (Fig. 1)
or up to 48 h (supplemental Fig. S1) improved cellular response
against stress and prevented apoptosis by preconditioning
induction as published previously by the authors and others in
several tissues (33, 9, 34, 10, 18).
To disclose the role of CO in astrocytic metabolism, the lev-

els of ATP, the major cellular energy carrier, was assessed.
Astrocytic ATP generation increases following CO treatment
(Fig. 2). The two major pathways for ATP generation are gly-
colysis and oxidative phosphorylation. During 36 h after CO
addition in an astrocytic culture, the ratio between lactate pro-
duction and glucose consumption has decreased, whereas the
oxygen consumption levels have increased, indicating that CO
stimulated oxidative metabolism in contrast to glycolysis
(Table 1). In addition, COwas able to increase ATP production

FIGURE 5. Role of CO in expression of Bcl-2 and Bcl-2-COX interaction. A, mRNA of Bcl-2 was quantified at 3 and 24 h of CO treatment at 50 �M. Values are
represented in comparison with control astrocytes without CO treatment. All values are mean 
 S.D. (n  3). *, p � 0.05 compared with control and CO-treated
cells for 3 and 24 h. B, COX was immunoprecipitated in mitochondria isolated from astrocytes treated with CO at 50 �M for 3 and 24 h, and Bcl-2 was
immunodetected by Western blot from the immunoprecipitated proteins. The area and intensity of bands were quantified by densitometry analysis (GraphPad
Prism 4) and are presented as relative percentage to the positive control (100%). All values are mean 
 S.D. (n  3). *, p � 0.05 compared with control and
CO-treated cells for 24 h.
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and to prevent astrocytic cell death whenever glycolysis was
inhibited (Fig. 3), suggesting that glycolysis is not affected by
this gaseous transmitter.
Although in cancer cells, glycolysis promotes cytoprotection,

in cerebral hypoxia-ischemia, glycolysis does not appear to
present a similar function. In response to ischemia, glycolysis
(which is necessary to maintain ATP levels under low levels of
oxygen) leads to lactate accumulation and neural cell death by
acidosis (21). The improvement of oxidative metabolism by
restoring high energy stores (in particular ATP) without any
glycolysis stimulation appears to confer neuroprotection in a
cerebral preconditioningmodel (35). In myocardium ischemia,
CO reduced glycolyticmetabolism response (36). Furthermore,
in macrophages, CO activated hypoxia-inducing factor-1 with-
out increasing the rate of glycolysis (33). Additionally, Fukuda
and colleagues have shown that activation of hypoxia-inducing
factor-1 was involved in the regulation of cytochrome c oxidase
subunits to optimize the efficiency of respiration in cancer cells
(37). Taken together, from the present data and the literature,
CO stimulates oxidative phosphorylation for preventing apo-
ptosis in astrocytes.
In agreement with the previous data, CO also accelerates

COX activity (Fig. 4,A and B). In a short time response (5 min),
CO slightly decreased COX activity in isolated mitochondria,

which is in accordance with several published works (15–18),
whereas after 30min in isolatedmitochondria and 3 and 24 h in
the case of CO treatment of intact astrocytes, specific COX
activity has increased (Fig. 4, A and B). Also in hepatic mito-
chondria, COX presented a two-phase response to low doses of
CO: at 5 min, there was a decrease on its enzymatic activity,
whereas after 30 min, the effect was inverted (30). One can
speculate that CO role on COX activity might depend on two
factors: (i) time response and (ii) gaseous transmitter concen-
tration, giving rise to distinct enzymatic responses. Accord-
ingly, CO also accelerated ATP/ADP translocase activity of
ANT in non-synaptic mitochondria (9). Furthermore, Di Noia
and co-workers (38) have demonstrated that heme oxygenase-1
overexpression enhanced renal oxidative phosphorylation by
increasingmitochondrial transport carriers, in particular aden-
osine nucleotide translocase, and cytochrome c oxidase activity
in experimental diabetes. In conclusion, previously published
and present data indicate that CO improves mitochondrial res-
piratory chain. Although there is a clear effect of CO on COX
activity, the molecular target of CO remains uncertain.
CO stimulation of oxidative metabolism is not limited to

COX activity augmentation, but this gas also induced mito-
chondrial biogenesis in astrocytes (Fig. 4C). Suliman and co-
workers (19) have demonstrated that CO stimulatedmitochon-

FIGURE 6. Role of Bcl-2 in CO-induced astrocytic metabolism modulation. Bcl-2 expression was silenced by siRNA transfection, and CO treatment was
performed between 24 and 48 h after transfection, which is the period when gene silencing is optimal. Control and Bcl-2-silenced astrocytes were treated with
CO for 3 h and challenged to death with 160 �M t-BHP for 20 h. A, cell death was assessed by flow cytometry (detected by DiOC6(3) and propidium iodide). All
values are mean 
 S.D. (n  4). *, p � 0.05 compared with control and CO-treated cells; #, p � 0.05 compared with Bcl-2 silenced astrocytes and CO-treated
Bcl-2-silenced astrocytes. B, representative picture of immunodetection of caspase-3 activation by its cleavage into a 12-kDa fraction. Astrocytes were chal-
lenged to death with 160 �M t-BHP (lane 1), pretreated with CO (lane 2), Bcl-2 was silenced and astrocytes were treated with t-BHP (lane 3), and Bcl-2-silenced
astrocytes pretreated with CO followed by t-BHP cell death induction (lane 4). C, Bcl-2 silenced and control astrocytes were treated with 50 �M of CO for 3 h,
followed by ATP assessment. ATP concentration is represented per �g of protein from cellular extract. All values are mean 
 S.D. (n  3). *, p � 0.05 compared
with non-treated and CO-treated cells for 3 h; #, p � 0.05 compared with Bcl-2-silenced astrocytes and control astrocytes, both treated with CO. D, 100 �g of
mitochondria were isolated from control astrocytes and Bcl-2-silenced astrocytes, both treated or not with 50 �M CO for 24 h for COX activity measurement. All
values are mean 
 S.D. (n  5). *, p � 0.05 compared with control and CO-treated cells. E, Bcl-2-silenced and control astrocytes were treated with 50 �M CO for
3 and 24 h, followed by DNA extraction for measuring mitochondrial cytochrome (mtCyt) b gene to assess mitochondrial DNA amount, which is represented
by fold increase when compared with control without Bcl-2 silencing and CO treatment. All values are mean 
 S.D. (n  4). *, p � 0.05 compared with control
and CO-treated cells; #, p � 0.05 compared with Bcl-2-silenced cells and non-silenced astrocytes for 3 and 24 h. prot, protein; munit, milliunits; Ctr, control.
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drial biogenesis in cardiomyocytes. Herein, mitochondria
rapidly respond to CO as mitochondrial DNA replication was
detected after 3 h of CO treatment. In conclusion, CO stimu-
lates oxidative phosphorylation by a double effect: (i) acceler-
ates COX enzymatic activity and (ii) increases cellular mito-
chondrial population.
CO treatment enhanced the expression of the anti-apoptotic

protein Bcl-2 (Fig. 5A). Furthermore, in cancer cells, Bcl-2
physically interacts with COX, increasing its enzymatic activity
and oxidative phosphorylation, which induces a pro-oxidant
state and cytoprotection (31, 32). In astrocytes, Bcl-2 also inter-
acts with COX, and its interaction clearly increased at 24 h after
CO treatment (Fig. 5B), which is in accordance with higher
levels of Bcl-2 expression. In contrast, at 3 h of CO treatment,
no increase on COX-Bcl-2 interaction was observed.
To validate the role of Bcl-2 in CO modulation of oxidative

metabolism, astrocytes were transfected with siRNA (coding
for Bcl-2) for transiently silencing this gene expression. It is not
surprising that by silencing the anti-apoptotic protein Bcl-2,
the extension of cell death was higher, and CO did not protect
astrocytes against apoptosis (Fig. 6, A and B). The CO-induced
metabolism modulation, such as increase on ATP generation,
enhancement of COX activity, and stimulation of mitochon-
drial DNA replication (mitochondrial biogenesis), was at least
partially prevented whenever Bcl-2 was silenced (Fig. 6, C–E).
In conclusion, Bcl-2 expression is crucial for CO-triggered
metabolism regulation and cytoprotection in astrocytes. It is
worthy to note that Bcl-2 is important for CO mode of action
not only when it is overexpressed but also when it is expressed
under constitutive levels for two main reasons. First, modula-
tion of cell metabolism by COoccurs at 3 h after gas exposition,
indicating an early cell response that does not involve protein
expression. Second, Bcl-2 silencing prevented CO metabolic
effects on astrocytes at 3 h. Therefore, there are two types of cell
response to CO: (i) early preconditioning (3 h) probably involv-
ing ROS signaling, post-translational protein modifications, or
intracellular protein localization and (ii) late preconditioning
(24 h), including changes in gene expression.
A preferential cellular target for CO is the mitochondrion.

CO generates mitochondrial ROS for cell signaling (9, 10,
15–18), prevents mitochondrial membrane permeabilization
(30, 9), and stimulates mitochondrial biogenesis (19, 20).
Herein, CO acts at the mitochondrial level: it (i) improves oxi-
dativemetabolism, (ii) enhancesmitochondrial population, (iii)
modulates COX activity, (iv) increases cellular oxygen con-
sumption, and (v) stimulates ATP production. However, the
molecular target of CO is still unclear. The most accepted
hypothesis is that CO can direct target COX inducing ROS
generation at the level of complex III. CO-induced ROS can
become toxic or signaling depending on its concentration.
However, Iacono and co-workers (39) have proposed that CO
can protect cell against oxidative stress by uncoupling mito-
chondria and decreasing ROS generation. Thus, one can spec-
ulate that COwould present “feedback control system,” by gen-
erating ROS to signal preconditioning but also capable of
limiting ROS generation by uncoupling mitochondria and
avoiding further oxidative stress. Future investigation will be
necessary to disclose this subject.

In conclusion, modulation of astrocytic metabolism appears
as a novel and promising strategy to protect the brain against
hypoxia-ischemia and reperfusion. Moreover, astrocytes are
the most metabolic active cells in the CNS; and the importance
of astrocytic metabolism modulation is not limited to its cell
autonomous functioning but is also crucial for themaintenance
of normal neuronal transmission and metabolism.
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