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Abstract: Oxygen plays a critical role in the perpetuation and propagation of almost all forms of life. The primary site of 

cellular oxygen consumption is the mitochondrial electron transport chain and in addition, oxygen is also used as a sub-

strate for various enzymes involved in cellular homeostasis. Although our knowledge of the biochemistry and physiology 

of oxygen transport is century old, recent development of sophisticated tools of biophysical chemistry revealed that tissue 

oxygenation and oxygen sensing is a highly evolved process, especially in mammals. Perturbation of normal oxygen sup-

ply is associated with diseases like tumorigenesis, myocardial infarction and stroke. Available information suggests that 

when tissue oxygen supply is limited, mitochondria emanate signals involving reactive oxygen species generation which 

in turn stabilizes oxygen sensing transcription factor HIF-1. Upon stabilization, HIF-1 elicits necessary genetic response 

to cope with the diminished oxygen level. In view of such critical role of HIF-1 in cellular oxygen sensing, recently there 

has been a heightened interest in understanding the biology of HIF-1 in the context of cardiovascular system. The follow-

ing review describes some of the recent advances in this regard. 
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INTRODUCTION 

 Molecular oxygen, perhaps is only second to water for its 
critical role in the sustenance and propagation of life process. 
Nevertheless, although the biochemical mechanisms of oxy-
gen transport (by hemoglobin) and its consumption in the 
mitochondria (by oxidative phosphorylation) was established 
almost half a century ago, the comprehensive understanding 
of its role in aerobic life is still emerging [1, 2]. Data accu-
mulated over the years suggest that apart from its key role in 
ATP generation, oxygen is also involved in cellular proc-
esses such as biosynthesis of sterol and prostaglandin, de-
toxification by cytochrome p-450 etc [3, 4]. In addition, cel-
lular oxygen is also attributed to the intracellular generation 
of a plethora of highly reactive molecules collectively known 
as reactive oxygen/nitrogen species (ROS/RNS) causing 
oxidative modifications of various biomolecules with diverse 
consequences [5-7]. Taken together, it is expected that oxy-
gen homeostasis, as maintained by cellular oxygen uptake 
and consumption, have profound effects on cellular wellbe-
ing [1]. Accordingly, inadequacy of oxygen supply or hy-
poxia, either to the whole body or to certain tissues has se-
vere pathological consequences such as cardiovascular dis-
eases, tumorigenesis and stroke [8].  

 Our interest in the pathobiology of hypoxia dates back to 
nineteen thirties (with first Pubmed entry in 1939) and since 
it has been one of the most extensively investigated subject 
in modern biology (with 79802 Pubmed entries till March, 
2008). However, the molecular insight into the hypoxic re-
sponse was first gained only in early nineties in the context 
of tumorigenesis, while that by the cardiovascular system| 
 

*Address correspondence to this author at the Cardiovascular Research 

Center, University of Connecticut School of Medicine, Farmington, Con-

necticut, CT 06030-1110, USA: Tel: (860) 679-3687;Fax: (860) 679-4606; 
E-mail: ddas@neuron.uchc.edu 

came thereafter. The present review is thus aimed towards 
summarizing some of those recent observations and putting 
them in the larger context of the physiology of oxygen sens-
ing by the myocardium.  

A. Tissue Oxygen Level and Oxygen Sensing 

 Mammalian tissues are characterized by aerobic metabo-
lism and require uninterrupted oxygen supply. Accordingly, 
availability (or otherwise) of oxygen in tissues play a critical 
role in the pathophysiology of the organism [9]. However, 
precise measurement of oxygen levels in various organs is a 
challenging task and our understanding of tissue oxygen lev-
els is still inadequate [10]. Available data also suggests that 
partial pressure of oxygen in various tissues might vary sig-
nificantly. According to one study in rat, oxygen tension is 
highest in the bladder (~ 60 mmHg), followed by muscle 
(~40 mmHg), liver (~20 mmHg), and renal cortex (~ 15 
mmHg) [9]. Since the availability and consumption of oxy-
gen in various tissues may vary under different pathophysi-
ological conditions, the respiratory process involving the 
heart, lung and the brain finely tunes the supply and demand 
of tissue oxygen while failure in such regulation leads to 
hypoxia (or hyperoxia). Hypoxic condition may arise under a 
number of conditions such as low partial pressure of oxygen 
in arterial blood (as in case of pulmonary diseases or high 
altitudes); reduced ability of the blood to carry oxygen (as in 
case of anemia); reduced tissue perfusion of oxygen (as in 
case of ischemia) and altered geometry of the tissue and the 
microvessels (as in case of tumors) [11]. Taken together, it is 
thus imperative that mammalian cells have acquired an 
elaborate mechanism to sense tissue oxygen supply and take 
remedial measures under hypoxia or heperoxia.  

 At the organismal level, oxygen sensing is done by the 
carotid body, located along with the carotid artery that sup-
plies freshly oxygenated blood to the brain. Glomus cells of 
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the carotid body senses diminished oxygen supply and re-
lease dopamine. Dopamine then activates the sensory neu-
rons, initiating a series of responses by the respiratory and 
cardiovascular system ensuring adequate oxygenation of all 
the organs [12]. Mechanisms of oxygen sensing by the indi-
vidual tissues and cells are more diverse and are often de-
bated [13]. Diverse types of proteins/enzymes like potassium 
channels, mitochondrial complex III and IV, NADPH oxi-
dases, prolyl hydroxylases and heme oxygenases have been 
described as oxygen sensors in various cellular contexts [14]. 
Oxygen sensitive potassium channels are found in carotid 
body, lung, adrenal medulla and smooth muscle cells [15-
17]. However, in spite of convincing evidences about their 
oxygen sensing functions, it has also been argued that potas-
sium channels are not the “oxygen sensors” as such, but are 
coupled to some other sensing molecules located in the 
plasma membrane [18-20]. In this context, intracellular reac-
tive oxygen species generation that depends upon the state of 
oxygenation, have often been considered as the oxygen sen-
sors for potassium channels and other oxygen sensitive 
pathways [20, 21]. A number of hypoxia sensitive channels 
including IKs have been identified in cardiac myocytes [21]. 
Oxygen level and the duration of hypoxia play critical roles 
in determining responses elicited by the cardiac channels. 
However, many cardiac ion channels do not respond to hy-
poxia [21].  

B. Oxygen Sensing in Heart and Flow Regulation 

 Mammalian heart is an obligatory aerobic organ consum-
ing large amount of oxygen for energy generation and con-
tractile functions [22]. The rate of oxygen utilization by the 
myocardium further increases upon vigorous exercise. Heart 
also requires oxygen for synthesizing certain regulatory 
molecules like nitric oxide and other reactive species playing 
critical roles in cardiovascular biology. Cardiac function is 
thus severely impaired upon limiting (as well as surplus) 
oxygen supply and cardiologists have been looking for a 
comprehensive understanding of the delivery of oxygen to 
the myocardium [23]. Coronary vasculature plays an impor-
tant role in myocardial oxygen sensing. Decrease in arterial 
oxygen content (or increase in myocardial work load) is im-
mediately sensed by the smooth muscle cells in the vessel 
wall resulting in an instantaneous increase in coronary flow, 
ensuring adequate oxygen supply [24]. Available evidences 
suggest that even slight changes in coronary oxygen level 
leads to altered energy metabolism, which in turn modulate 
coronary tone/flow in a complex manner [25]. Furthermore, 
although reduction in oxygen concentration results in a de-
crease in the respiratory rate and [ATP]/[ADP] ratio; even at 
low O2 tensions, the mitochondrial respiratory chain remains 
at near equilibrium with the ATP synthesizing reactions [26, 
27]. Thus, metabolic pathways play a role in tissue oxygen 
sensing and limited oxygen supply affects cellular metabo-
lism much before it affects respiration. A number of metabo-
lites have thus been investigated for their crucial roles in 
vascular oxygen sensing and flow regulation. When rat heart 
coronary vessel preparations are exposed to hypoxia, vessels 
surrounded by myocardial tissues are dilated to a greater 
extent than those which are stripped [28]. Available evi-
dences suggest that under hypoxic condition, endothelial  
 

cells produce prostaglandin followed by vasorelaxation [29, 
30]. Hypercapnic acidosis, a condition arising due to the 
accumulation of carbon dioxide-decrease in pH due to re-
duced oxygen supply, has also been attributed to the regula-
tion of coronary flow while nitric oxide, adenosine and KATP 
channels have been coined as possible mediators [31, 32]. 
However, whether or not those metabolites play a universal 
role in arterial oxygen sensing under different physiologi-
cal/experimental conditions is a subject of intense debate 
[24].  

C. Myocardial Response to Hypoxia 

 Myocardium might undergoes hypoxia (or anoxia) under 
a number of pathophysiological conditions like coronary 
artery occlusion, anemia and at high altitude [22, 23]. Also, 
under hypoxic conditions, the availability of oxygen in vari-
ous parts of the myocardium might remain uneven [33]. Due 
to the criticality of oxygen supply, cardiac cells afflicted by 
mild hypoxia often readjust their oxygen sensing “set point” 
while restoration of normal oxygen level results in a condi-
tion termed as “perceived hyperoxia” [23]. Cardiac response 
to diminished oxygen supply thus depends upon its extent, 
duration, as well as other associated factors (such as ische-
mia); while measurable reduction in the cellular oxygen 
utilization (by cytochrome c oxidase) occurs only upon sub-
stantial depletion of oxygen supply [34-38]. During the past 
decades, investigators have used different experimental set-
tings and diverse biochemical-molecular markers to under-
stand the effects of hypoxia on the cardiovascular system 
and thus had accumulated wealth of information in this re-
gard. Studies with cultured myocytes have shown that hy-
poxia induces endoplasmic reticulum stress wherein AMP-
Kinase play a protective role [39, 40]. Also in hypoxic myo-
cytes, induction of adrenomedullin (pro-survival peptide 
hormone), Akt (pro-survival kinase), BNip3 (pro-death BH3 
domain containing protein) and Gene 33/RALT (pro-death 
adapter protein) have been reported [41-44]. In contrast to 
cultured myocytes, studies with whole heart either ex vivo or 
in vivo had shown divergent and often conflicting results. 
Mice undergoing acclimatization to long term normobaric 
hypoxia (10% O2) expressed heme oxygenase 1/2 in the 
heart, while those undergoing short term acute hypobaric 
hypoxia (426 mm Hg) showed altered expression of both 
pro- and anti oxidant genes [45, 46]. According to one study, 
adult male rats exposed to 10% inspired O2 (daily 6 hours) 
showed cardioprotection (via augmentation of RyR and 
NCX) when isolated perfused hearts were subjected to I/R 
[47]. On the contrary, intermittent hypoxia (5% inspired 
oxygen for 40 sec followed by infusion of compressed air for 
20 sec) for four hours increased sensitivity to reperfusion 
injury that was preventable by recombinant erythropoietin 
[48]. In a more elaborate study, where rats were subjected to 
brief ischemia by coronary ligation showed differential regu-
lation of battery of genes viz., BNP, HIF-1, IL-6, iNOS, IGF, 
Prepro-endothelin-1, sarcoplasmic reticulum Ca2+ ATPase, 
phospholamban and Na+-Ca2+ exchanger etc., in the left and 
right ventricle [49]. Taken together, depending upon of mode 
and duration of hypoxia, myocardial response could be com-
plex and involve integration of multiple signaling pathways 
with various consequences [50, 51].  



Oxygen Sensing, Cardiac Ischemia, HIF-1  and Some Emerging Concepts Current Cardiology Reviews, 2010, Vol. 6, No. 4    267 

D. Mitochondria and Cellular Oxygen Sensing 

 Mitochondria is the primary site for cellular oxygen con-
sumption wherein it binds to cytochrome oxidase and re-
ceives electrons from reduced cytochrome c. Constituents of 
electron transport chain in general and cytochrome oxidase 
in particular have thus been critically examined for their po-
tential role(s) in oxygen sensing, albeit with conflicting in-
ferences [52]. Early studies had shown that the pO2 required 
for half-maximal reduction of cytochrome c can be as low as 
0.2-0.02 Torr, thereby making it more suited for sensing an-
oxia rather than hypoxia [53,54]. In agreement, it has also 
been observed that inhibition of oxidative phosphorylation 
(and thus of cytochrome c) by cyanide and antimycin does 
not affect the hypoxic induction of erythropoietin mRNA 
[55]. On the contrary, it has also been demonstrated that un-
der prolonged hypoxia, the catalytic activity of cytochrome c 
oxidase is inhibited by an allosteric mechanism, thereby 
supporting the notion that it is an oxygen sensor [56, 57]. 
Thus, in spite of an early consensus on the criticality of mi-
tochondria in oxygen/hypoxic sensing, the precise nature of 
the sensor (and its mechanism of action) remained elusive 
for quite sometimes. The criticality of mitochondria in elicit-
ing hypoxic response was further revealed upon demonstra-
tion that it requires intact mitochondrial genome and in-
volves reactive oxygen species generation [58-60]. Although 
the essentiality of intact mitochondrial electron transport 
chain in hypoxic sensing has since been disputed [61, 62], 
possible explanation against such discrepant observations 
has also been offered [63]. Taken together, the mechanism(s) 
of oxygen sensing by mitochondria is yet to be fully under-
stood. However, as discussed below, studies over the past 
decade have convincingly established the existence of an 
axis of mitochondrial reactive oxygen species generation and 
hypoxic response.  

E. Mitochondrial Reactive Oxygen Species Generation 
and Cardiovascular Diseases  

 Mitochondrial electron transport chain is a complex as-
sembly redox-proteins engaged in transfer of electrons from 
NADH/FADH2 to molecular oxygen, thereby generating an 
electrochemical gradient (  pH and m) across the inner 
mitochondrial membrane driving ATP synthesis. Although 
such transfer of electrons is highly efficient and well coordi-
nated, a small proportion of oxygen is partially reduced to 
superoxide ion (O2

.
) in this process [64]. Superoxide produc-

tion is further augmented by the phosphorylation of electron 
transport proteins under certain pathophysiological condi-
tions [65, 66]. Superoxide is a highly reactive species and as 
a remedial measure, mitochondria also contain superoxide 
dismutase that converts it into H2O2, its less reactive coun-
terpart [67]. Components of the electron transport chain con-
tribute towards ROS generation under different metabolic 
and pathophysiological contexts [68]. In post-ischemic heart, 
generation of superoxide causes decreased S-glutathiony-
lation and electron transport activity of Complex II, resulting 
in mitochondrial dysfunction [69]. Following ischemia-
reperfusion, enhanced ROS generation in mitochondria re-
sults in thiol modifications in Complex I followed by respi-
ratory dysfunction [70] Right ventricular heart failure in-
duced by pulmonary arterial hypertension is associated with 
an increased generation of ROS by NADPH oxidase and 

mitochondrial complex II [71]. In agreement with the delete-
rious consequences of mitochondrial ROS generation, reduc-
tion in oxidative stress by calorie restriction or over expres-
sion of catalase augments cardiac performance [72, 73]. 

F. HIF-1  and Oxygen Sensing 

 Due to the essentiality of aerobic metabolism and differ-
ential oxygenation of tissues, mammals have a highly sensi-
tive mechanism of adapting to altered tissue oxygen level [7, 
23, 24]. Thus in addition to the immediate systemic response 
to hypoxia (as discussed above), all mammalian cells also 
undergo a long term adaptation by reprogramming its gene 
expression, hallmark of which is the enhancement of Hy-
poxia inducible factor-1 or HIF-1 activity [74-76]. Origi-
nally, HIF-1 was identified as the activator of erythropoietin 
gene transcription under hypoxic condition [77, 78]. It is a 
heterodimeric transcription factor comprising of two poly-
peptide subunits i.e.,  and . While the  subunits have mul-
tiple variants generated from three different genes, the  
subunit is ubiquitously expressed [79]. HIF-1 elicits hypoxic 
response through the hypoxia response element (HRE) lo-
cated in the regulatory regions of hypoxia responsive genes. 
Recent data suggests that HIF-1 up- and down regulate sev-
eral hundred human genes involved in anaerobic glycolysis, 
tissue oxygenation, vasodialation etc [80]. Although HIF-1 
can also be activated by stimuli other than hypoxia; over the 
years its activation has evolved as a paradigm of hypoxic 
signaling under various pathophysiological contexts [74-76, 
79, 80].  

G. Mitochondrial Reactive Oxygen Species Generation 
and Activation of HIF-1   

 Although the role of mitochondrial reactive oxygen spe-
cies in the activation of HIF-1 was first revealed in late nine-
ties, the precise connection between the two processes had 
often been debated [81-86]. Nevertheless, three recent stud-
ies using tools of (a) RNAi to suppress expression of the 
constituents of mitochondrial complex III, (b) novel ROS-
sensitive FRET probe and (c) murine embryonic cells lack-
ing cytochrome c; have convincingly established the cellular 
oxygen levels-mitochondrial ROS generation-HIF-1 axis 
[63, 87-90].  

 Although intracellular generation of ROS/RNS has long 
been considered to be deleterious for proteins and other mac-
romolecules; their apparent roles in cell signaling had subse-
quently resulted in a paradigm shift in redox biology [91-94]. 
It now appears that ROS/RNS might cause momentary but 
specific modifications of amino acid side chains, thereby 
imparting molecular switches modulating their functions [95, 
96]. Generation of ROS/RNS has accordingly been attributed 
to the regulation of a number of cell signaling/gene regula-
tory modules including MAP kinases, PI3-kinase/Akt, tran-
scription factors AP-1, Nrf-2 and NF B [96-98]. However, 
due to the transient nature of their effects, only a few direct 
targets of ROS/RNS have yet been identified [95]. In this 
regard, studies on the activation of HIF-1  under hypoxia 
have created an excellent framework of understanding the 
role of ROS/RNS in hypoxic signaling. Accumulated evi-
dences suggest that under normoxia, a family of prolyl hy-
droxylases catalyze the hydroxylation of specific proline 
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residues on HIF-1 . Hydroxylated HIF-1  then binds to von 
Hippel-Lindau (pVHL) tumor suppressor protein that acts as 
an adapter for the E3 ubiquitin ligase. The ubiquitinylated 
HIF-1  is then degradaded by the proteasome [99]. These 
prolyl hydroxylases being dioxygenases requiring oxygen 
(and 2-oxoglutarate) as substrates and ferrous iron (main-
tained by ascorbate) as cofactors, provide the missing link 
between hypoxia, mitochondrial reactive oxygen species 
generation and stabilization of HIF-1  [100, 101]. It is hy-
pothesized that during hypoxia, the life span of otherwise 
transient ubisemiquinone radical (a constituent of the elec-
tron transport chain) is extended and it transfers its electrons 
to molecular oxygen dissolved in the mitochondrial mem-
brane, generating superoxide (O2

.-
) radicals [63, 102]. Under 

normal condition O2
.-
 radical is attenuated by superoxide 

dismutase, but when generated in excess, it escapes this at-
tenuation process and further generates other reactive oxy-
gen/nitrogen species [103]. Prolyl hydroxylases are sensitive 
to ROS generation, though the mechanism is not fully under-
stood as yet. One possibility is that it is due to the oxidative 
inactivation of the associated iron atom. Therefore, under 
hypoxic environment, excess generation of superoxide radi-
cals inactivates prolyl hydroxylases, thereby stabilizing  
HIF-1.  

H. Myocardial Hypoxia and HIF-1 

 As in other tissues, HIF-1 also plays a major role in elic-
iting hypoxic response of the mammalian myocardium [104, 
105]. Mammalian expression of the regulatory ( ) subunit of 
HIF-1 and it modulator, prolyl hydroxylase significantly 
vary from one tissue to another while the presence of HIF-1 
in the hypoxic myocardium has been confirmed by a number 
of laboratories [106–110]. Paradoxically, some studies had 
also documented the abundance of HIF-1  transcripts but not 
the protein in rat myocardium, implying some additional 
mechanisms of stabilizing the HIF-1  subunit [105, 111- 
113]. Nevertheless, in agreement with the proposed role of 
HIF-1 in mediating hypoxic response in the myocardium, 
increased expression of certain bona-fide targets genes like 
that of MCT4 (mediator of lactic acid efflux); BNP (Brain-
type natriuretic Peptide, modulator of hemodynamic function 
and cytoprotection); VEGF (pro-angiogenic factor) and ape-
lin (cardioprotective) have been reported [114-117]. It is thus 
likely that in the myocardium, HIF-1 expression might be 
under more stringent regulation involving factors other than 
oxygen tension alone [118-121]. In agreement, it has re-
cently been reported that acetylcholine can independently but 
additively (to hypoxia) activate HIF-1 in cardiac myocytes 
[122].  

 In view of such evident association of cardiac hypoxia 
and HIF-1 activity, it is imperative that attempts have been 
made for boosting cardiac function by therapeutic modula-
tion of HIF-1  in the ischemic myocardium. We recently 
have demonstrated that mice injected with recombinant ade-
novirus encoding a cardioprotective angiogenic peptide 
PR39 had protection against ischemia-reperfusion injury that 
was abolished by the attenuation of HIF-1  by the expres-
sion of its dominant negative form [123]. Similarly, trans-
genic mice having HIF-1  overexpression had diminished 
infarct size, increased capillary density and enhanced VEGF 
and iNOS expression following myocardial infarction [124]. 

Also, activation of HIF-1 by pharmacological or siRNA me-
diated inhibition of prolyl hydroxylase resulted in significant 
reduction in myocardial infarct size and expression of 
chemokines like MIP-2, KC, monocyte chemoattractant pro-
tein-1 and ICAM-1, implicating HIF 1 in modulating I/R-
associated cardiac inflammatory responses [125]. 

I. Myocardial Redox Homeostasis and HIF-1 

 It has long been documented that myocardial ischemia-
reperfusion leads to oxidative stress [126-128]. During 
ischemia, decreased respiration leads to reduced electron 
transport, causing electron leakage and O2

.- 
generation in the 

mitochondria. Following reperfusion, NO is generated that 
interacts with O2

.-
 ions, producing highly reactive peroxyni-

trite [103, 129]. A group of enzymes and low molecular 
weight peptides viz., thioredoxin and glutaredoxin oxi-
doreductases play a key role in restoring protein thiols under 
oxidative stress [103, 126-128, 130-132]. Thioredoxin and 
glutaredoxin are capapable of acting upon a wide range of 
oxidized proteins, restoring their thiols and thereby maintain-
ing intracellular redox homeostasis, especially in the mito-
chondrial electron transport system [133, 134]. Since HIF-1 
is activated by reactive oxygen species while thioredoxins 
are involved in maintaining the redox equilibrium, it is likely 
that the later might play a critical role in modulating HIF-1 
in heart in heart (and other tissues). However, our current 
knowledge about modulation of HIF activities by thiore-
doxin is quite sporadic. As an example, according to one 
study, overexpression of thioredoxin-1 in human breast car-
cinoma MCF-7 cells results in a significant increase in HIF-
1  protein (but not RNA) levels under both normoxic and 
hypoxic conditions [135]. In a more recent study, overex-
pression of thioredoxin 2 (mitochondria-located) diminished 
HIF-1  accumulation while that of thioredoxin 1 (cytosolic) 
enhanced it. Further analysis suggested that thioredoxins 
affected the translation of HIF-1  while a mitochondria spe-
cific antioxidant MitoQ reversed the thioredoxin 2 mediated 
accumulation of HIF-1 , thereby indicating a complex role 
of reactive oxygen species in this process [136]. Taken to-
gether, the precise regulation of redox equilibrium and HIF-1 
activity in heart is an emerging area and it is likely that com-
ing days will shed more light on to it.  

J. Hypoxic Preconditioning and HIF-1 

 Ischemic preconditioning (IP) is a phenomenon where 
brief repetitive cycles of ischemia-reperfusion render the 
myocardium more resistant towards subsequent ischemic 
insult. Although biochemistry, pharmacology and molecular 
biology of IP have been extensively investigated, the contri-
bution of HIF-1 in this process is largely unexplored. How-
ever, accumulating evidences suggest active involvement of 
HIF-1 in mediating the preconditioning response [137]. In 
rat, administration of cobalt chloride, a hypoxic mimetic, 
activates HIF-1 followed by cardioprotection [138]. In 
mouse, cardio-protection induced by intermittent hypoxia is 
attenuated upon targeted inactivation of HIF-1  gene, which 
then can be restored by erythropoietin, a known target of 
HIF-1 [139]. Further, ischemic preconditioning in rat heart 
enhances VEGF gene expression and angiogenesis, hall-
marks of HIF-1 activity [140]. Upon hypoxic precondition-
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ing, young male rats show upregulation of a battery of genes 
including hif-1 and its target vegf [141]. Taken together, 
HIF-1 is likely to be a major contributor towards IP and 
might be considered for future therapeutic induction of pre-
conditioning effect in the myocardium. 

K. Conclusions and Future Perspective 

 Our interest in cellular and organismal oxygen sensing 
attained further height when the criticality of oxygen levels 
in the etiology diseases like cancer, cardiac ischemia and 
stroke became apparent. Although our present knowledge 
about hypoxic response were largely derived form the 
framework of tumor angiogenesis, parallel progress has also 
been made in the context of ischemic and infracted myocar-
dium (Fig. 1). However, whether hypoxic responses are tis-
sue differential or not and if so, to what extent, is not clear as 
yet [142]. In this context, certain unexpected observations 
deserve special attention. In a recent study, adult mice with 
late-stage brain specific deletion of HIF-1  showed protec-
tion from acute hypoxia induced cell death, suggesting more 
divergent role(s) of HIF-1 (or redundant roles of HIF-2/3) 
than originally anticipated [143]. It is thus expected that 
similar analysis in the myocardium might further enhance 
our knowledge about the mechanism of hypoxic response in 
a tissue specific context. Another area of potential impor-
tance (and future debate) is the precise role of ROS in medi-
ating oxygen sensing and eliciting the hypoxic response. 
Although a critical role of mitochondrial ROS in modulating 

prolyl hydroxylase activity and stability of HIF-1 is now 
generally accepted, the precise mechanism of ROS genera-
tion and its difference from those generated under other oxy-
gen associated setups like hyperoxia, preconditioning etc. is 
yet to be deciphered [7, 63, 144]. Finally, further study on 
the additional mechanisms of hypoxic response such as 
translational control and post-translational modification of 
signaling kinases will contribute towards a comprehensive 
understanding and therapeutic intervention of ischemic heart 
diseases [66, 145].  

ABBREVIATIONS 

ATP = Adenosine mono phosphate 

AMP Kinase = AMP-activated protein kinase  

AP-1 = Activator protein-1 

bHLH = Basic-helix-loop-helix 

BNP = Brain natriuretic peptide 

FRET = Fluorescence resonance energy transfer 

HIF-1 = Hypoxia inducible factor 1 

I/R = Ischemia-reperfusion 

ICAM-1 = Intercellular cell adhesion molecule 

IGF = Insulin like growth factor 

IL-6 = Interleukin 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig (1). Schematic representation of hypoxic response by HIF-1: Upper panel: Under normoxic condition, electron transport chain effi-

ciently reduces oxygen and generates ATP. Also, available oxygen is used by prolyl hydroxylase to hydroxylate HIF-1 . Hydroxylated HIF-

1  then binds to pVHL followed by ubiqutinylation and degradation by proteasome. Lower panel: Under hypoxic condition, electron trans-

port is perturbed leading to O2
.
 generation. Reduced oxygen supply and to O2

.
 inhibit prolyl hydroxylase activity leading to the stabilization 

of HIF-1 . HIF-1  then dimerize with HIF-1 , binding to its target HRE and activating a battery of hypoxia responsive genes with diverse 

physiological consequences as shown.  
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iNOS = Inducible nitric oxide synthase 

IP = Ischemic preconditioning 

MAP Kinase = Mitogen activated protein kinase 

MCT4 = Monocarboxylate transporter 4 

MIP-2 = Macrophage Inflammatory Protein-2 

Mn-SOD = Superoxide dismutase 

NADPH = Nicotinamide adenine dinucleotide  
phosphate 

NCX = Neural crest homeobox 

NF B = Nuclear factor-kappa B 

NO = Nitric oxide 

PAS = Per/Arnt/Sim 

PI3 Kinase = Phosphoinositide 3-kinase 

RNS = Reactive nitrogen species 

ROS = Reactive oxygen species 

RyR = Ryanodine receptors 

VEGF = Vascular endothelial growth factor 

REFERENCES 

[1] Kulkarni AC, Kuppusamy P, Parinandi N. Oxygen, the lead actor 
in the pathophysiologic drama: enactment of the trinity of nor-

moxia, hypoxia, and hyperoxia in disease and therapy. Antioxid 
Redox Signal 2007; 9: 1717-30. 

[2] Brahimi-Horn MC, Pouyssegur J. Oxygen, a source of life and 
stress. FEBS Lett 2007; 581(19): 3582-91. 

[3] Mukherjee A, Brinkley DW, Chang KM, Roth JP. Molecular oxy-
gen dependent steps in fatty acid oxidation by cyclooxygenase-1. 

Biochemistry 2007; 46: 3975-89. 
[4] Boullier A, Maziere JC, Filipe P, et al. Interplay of oxygen, vita-

min E, and carotenoids in radical reactions following oxidation of 
Trp and Tyr residues in native HDL3 apolipoproteins. Comparison 

with LDL. A time-resolved spectroscopic analysis. Biochemistry 
2007; 46: 5226-37.  

[5] Gao YT, Roman LJ, Martásek P, Panda SP, Ishimura Y, Masters 
BS. Oxygen Metabolism by Endothelial Nitric-oxide Synthase. J 

Biol Chem 2007; 282(39): 28557-65. 
[6] Palmer AE, Quintanar L, Severance S, Wang TP, Kosman DJ, 

Solomon EI. Spectroscopic characterization and O2 reactivity of 
the trinuclear Cu cluster of mutants of the multicopper oxidase 

Fet3p. Biochemistry 2002; 41: 6438-48.  
[7] Chandel NS, Budinger GR. The cellular basis for diverse responses 

to oxygen. Free Radic Biol Med 2007; 42: 165-74. 
[8] Kulkarni AC, Kuppusamy P, Parinandi N. Oxygen, the lead actor 

in the pathophysiologic drama: enactment of the trinity of nor-
moxia, hypoxia, and hyperoxia in disease and therapy. Antioxid 

Redox Signal 2007; 9: 1717-30.  
[9] Dyson A, Stidwill R, Taylor V, Singer M. Tissue oxygen monitor-

ing in rodent models of shock. Am J Physiol Heart Circ Physiol 
2007; 293: H526-33. 

[10] Vikram DS, Zweier JL, Kuppusamy P. Methods for noninvasive 
imaging of tissue hypoxia. Antioxid Redox Signal 2007; 9: 1745-

56. 
[11] Höckel M, Vaupel P. Tumor hypoxia: definitions and current clini-

cal, biologic, and molecular aspects. J Natl Cancer Inst 2001; 93: 
266-76. 

[12] Wyatt CN, Mustard KJ, Pearson SA, et al. AMP-activated protein 
kinase mediates carotid body excitation by hypoxia. J Biol Chem 

2007; 282: 8092-8. 
[13] Nauseef WM. Acute oxygen-sensing mechanisms. N Engl J Med 

2006; 354(9): 975-7. 

[14] Acker T, Fandrey J, Acker H. The good, the bad and the ugly in 

oxygen-sensing: ROS, cytochromes and prolyl-hydroxylases. Car-
diovasc Res 2006; 71(2): 195-207.  

[15] Kumar P. Sensing hypoxia in the carotid body: from stimulus to 
response. Essays Biochem 2007; 43: 43-60.  

[16] Moudgil R, Michelakis ED, Archer SL. The role of k+ channels in 
determining pulmonary vascular tone, oxygen sensing, cell prolif-

eration, and apoptosis: implications in hypoxic pulmonary vaso-
constriction and pulmonary arterial hypertension. Microcirculation 

2006; 13: 615-32. 
[17] Kemp PJ, Peers C. Oxygen sensing by ion channels. Essays Bio-

chem 2007; 43: 77-90.  
[18] Hong Z, Hong F, Olschewski A, Cabrera JA, Varghese A, Nelson 

DP, Weir EK. Role of store-operated calcium channels and calcium 
sensitization in normoxic contraction of the ductus arteriosus. Cir-

culation 2006; 114: 1372-9.  
[19] Kemp PJ, Williams SE, Mason HS, et al. Functional proteomics of 

BK potassium channels: defining the acute oxygen sensor. Novartis 
Found Symp 2006; 272: 141-51. 

[20] Kemp PJ, Detecting acute changes in oxygen: will the real sensor 
please stand up? Exp Physiol 2006; 91: 829-34. 

[21] Hool LC. Acute hypoxia differentially regulates K(+) channels. 
Implications with respect to cardiac arrhythmia. Eur Biophys J 

2005; 34: 369-76.  
[22] Essop MF. Cardiac metabolic adaptations in response to chronic 

hypoxia. J Physiol 2007; 584: 715-26.  
[23] Sen CK, Khanna S, Roy S. Perceived hyperoxia: oxygen-induced 

remodeling of the reoxygenated heart. Cardiovasc Res 2006; 71: 
280-8.  

[24] Deussen A, Brand M, Pexa A, Weichsel J. Metabolic coronary 
flow regulation--current concepts. Basic Res Cardiol 2006; 101: 

453-64.  
[25] Merkus D, Chilian WM, Stepp DW. Functional characteristics of 

the coronary microcirculation. Herz 1999; 24: 496-508.  
[26] Wilson DF, Ereci ska M. The oxygen dependence of cellular en-

ergy metabolism. Adv Exp Med Biol 1986; 194: 229-39. 
[27] Rumsey WL, Schlosser C, Nuutinen EM, Robiolio M, Wilson DF. 

Cellular energetics and the oxygen dependence of respiration in 
cardiac myocytes isolated from adult rat. J Biol Chem 1990; 265: 

15392-402.  
[28] Kerkhof CJ, Van Der Linden PJ, Sipkema P. Role of myocardium 

and endothelium in coronary vascular smooth muscle responses to 
hypoxia. Am J Physiol Heart Circ Physiol 2002; 282: H1296-303. 

[29] Tune JD, Gorman MW, Feigl EO. Matching coronary blood flow 
to myocardial oxygen consumption. J Appl Physiol 2004; 97: 404-

15.  
[30] Hong TT, Huang J, Barrett TD, Lucchesi BR. Effects of cyclooxy-

genase inhibition on canine coronary artery blood flow and throm-
bosis. Am J Physiol Heart Circ Physiol 2008; 294: H145-55. 

[31] Heintz A, Damm M, Brand M, Koch T, Deussen A. Coronary flow 
regulation in mouse heart during hypercapnic acidosis: role of NO 

and its compensation during eNOS impairment. Cardiovasc Res 
2008; 77: 188-96. 

[32] Phillis JW, Song D, O'Regan MH. The role of adenosine in rat 
coronary flow regulation during respiratory and metabolic acidosis. 

Eur J Pharmacol 1998; 356: 199-206. 
[33] Kupriyanov VV, Nighswander-Rempel S, Xiang B. Mapping re-

gional oxygenation and flow in pig hearts in vivo using near-
infrared spectroscopic imaging. J Mol Cell Cardiol 2004; 37: 947-

57. 
[34] Bärtsch P, Gibbs JS. Effect of altitude on the heart and the lungs. 

Circulation 2007; 116: 2191-202. 
[35] McLeod CJ, Pagel I, Sack MN. The mitochondrial biogenesis 

regulatory program in cardiac adaptation to ischemia--a putative 
target for therapeutic intervention. Trends Cardiovasc Med 2005; 

15: 118-23. 
[36] Zong P, Tune JD, Downey HF, Mechanisms of oxygen de-

mand/supply balance in the right ventricle. Exp Biol Med 
(Maywood) 2005; 230(8): 507-19.  

[37] Giordano FJ. Oxygen, oxidative stress, hypoxia, and heart failure. J 
Clin Invest 2005; 115: 500-8. 

[38] Kreutzer U, Mekhamer Y, Chung Y, Jue T. Oxygen supply and 
oxidative phosphorylation limitation in rat myocardium in situ. Am 

J Physiol Heart Circ Physiol 2001; 280: H2030-7.  
[39] Thuerauf DJ, Marcinko M, Gude N, Rubio M, Sussman MA, 

Glembotski CC. Activation of the unfolded protein response in in-



Oxygen Sensing, Cardiac Ischemia, HIF-1  and Some Emerging Concepts Current Cardiology Reviews, 2010, Vol. 6, No. 4    271 

farcted mouse heart and hypoxic cultured cardiac myocytes. Circ 

Res 2006; 99: 275-82. 
[40] Terai K, Hiramoto Y, Masaki M, et al. AMP-activated protein 

kinase protects cardiomyocytes against hypoxic injury through at-
tenuation of endoplasmic reticulum stress. Mol Cell Biol 2005; 25: 

9554-75. 
[41] Shao Z, Bhattacharya K, Hsich E, et al. c-Jun N-terminal kinases 

mediate reactivation of Akt and cardiomyocyte survival after hy-
poxic injury in vitro and in vivo. Circ Res 2006; 98: 7-9.  

[42] Pfeil U, Paddenberg R, Kummer W. Mitochondrial regulation of 
hypoxia-induced increase of adrenomedullin mRNA in HL-1 cells. 

Biochem Biophys Res Commun 2006; 343: 885-92.  
[43] Gálvez AS, Brunskill EW, Marreez Y, Benner BJ, Regula KM, 

Kirschenbaum LA. Dorn GW 2nd, Distinct pathways regulate 
proapoptotic Nix and BNip3 in cardiac stress. J Biol Chem 2006; 

281: 1442-8. 
[44] Xu D, Patten RD, Force T, Kyriakis JM. Gene 33/RALT is induced 

by hypoxia in cardiomyocytes, where it promotes cell death by 
suppressing phosphatidylinositol 3-kinase and extracellular signal-

regulated kinase survival signaling. Mol Cell Biol 2006; 26: 5043-
54. 

[45] Han F, Takeda K, Yokoyama S, et al. Dynamic changes in expres-
sion of heme oxygenases in mouse heart and liver during hypoxia. 

Biochem Biophys Res Commun 2005; 338: 653-9.  
[46] Karar J, Dolt KS, Mishra MK, Arif E, Javed S, Pasha MA. Expres-

sion and functional activity of pro-oxidants and antioxidants in 
murine heart exposed to acute hypobaric hypoxia. FEBS Lett 2007; 

581: 4577-82. 
[47] Yeung HM, Kravtsov GM, Ng KM, Wong TM, Fung M. Chronic 

intermittent hypoxia alters Ca2+ handling in rat cardiomyocytes by 
augmented Na+/Ca2+ exchange and ryanodine receptor activities 

in ischemia-reperfusion. Am J Physiol Cell Physiol 2007; 292: 
C2046-56. 

[48] Ramond A, Ribuot C, Lévy P, Joyeux-Faure M. Deleterious myo-
cardial consequences induced by intermittent hypoxia are reversed 

by erythropoietin. Respir Physiol Neurobiol 2007; 156: 362-9. 
[49] Guerra MS, Roncon-Albuquerque R Jr, Lourenço AP, et al. Re-

mote myocardium gene expression after 30 and 120 min of 
ischaemia in the rat. Exp Physiol 2006; 91(2): 473-80. 

[50] Frazier DP, Wilson A, Dougherty CJ, Li H, Bishopric NH, Webster 
KA. PKC-alpha and TAK-1 are intermediates in the activation of c-

Jun NH2-terminal kinase by hypoxia-reoxygenation. Am J Physiol 
Heart Circ Physiol 2007; 292: H1675-684. 

[51] Caretti A, Morel S, Milano G, et al. Heart HIF-1alpha and MAP 
kinases during hypoxia: are they associated in vivo? Exp Biol Med 

(Maywood) 2007; 232: 887-894. 
[52] Lahiri S. Historical perspectives of cellular oxygen sensing and 

responses to hypoxia. J Appl Physiol 2000; 88: 1467-73.  
[53] Sugano T, Oshino N, Chance B. Mitochondrial functions under 

hypoxic conditions: The steady states of cytochrome c reduction 
and of energy metabolism. Biochim Biophys Acta (BBA) 1974; 

347: 340-58. 
[54] Wilson DF, Rumsey WL. Factors modulating the oxygen depend-

ence of mitochondrial oxidative phosphorylation. Adv Exp Med 
Biol 1988; 222: 121-31.  

[55] Tan CC, Ratcliffe PJ. Effect of inhibitors of oxidative phosphoryla-
tion on erythropoietin mRNA in isolated perfused rat kidneys. Am 

J Physiol 1991; 261: F982-87. 
[56] Chandel NS, Budinger GR, Schumacker PT. Molecular oxygen 

modulates cytochrome c oxidase function. J Biol Chem 1996; 271: 
18672-7.  

[57] Chandel NS, Budinger GR, Choe SH, Schumacker PT. Cellular 
respiration during hypoxia. Role of cytochrome oxidase as the 

oxygen sensor in hepatocytes. J Biol Chem 1997; 272: 18808-16. 
[58] Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC, 

Schumacker PT. Mitochondrial reactive oxygen species trigger hy-
poxia-induced transcription, Proc Natl Acad Sci U S A.  1998; 95: 

11715-20. 
[59] Kwast KE, Burke PV, Staahl BT, Poyton RO. Oxygen sensing in 

yeast: evidence for the involvement of the respiratory chain in 
regulating the transcription of a subset of hypoxic genes. Proc Natl 

Acad Sci USA 1999; 96: 5446-51. 
[60] Guzy RD, Mack MM, Schumacker PT. Mitochondrial complex III 

is required for hypoxia-induced ROS production and gene tran-
scription in yeast. Antioxid Redox Signal 2007; 9(9): 1317-28. 

[61] Vaux EC, Metzen E, Yeates KM, Ratcliffe PJ. Regulation of hy-

poxia-inducible factor is preserved in the absence of a functioning 
mitochondrial respiratory chain. Blood 2001; 98: 296-302. 

[62] Srinivas V, Leshchinsky I, Sang N, King MP, Minchenko A, Caro 
J. Oxygen sensing and HIF-1 activation does not require an active 

mitochondrial respiratory chain electron-transfer pathway. J Biol 
Chem 2001; 276: 21995-8.  

[63] Guzy RD, Schumacker PT. Oxygen sensing by mitochondria at 
complex III: the paradox of increased reactive oxygen species dur-

ing hypoxia. Exp Physiol 2006; 91: 807-19. 
[64] Moldovan L, Moldovan NI. Histochem Oxygen free radicals and 

redox biology of organelles. Cell Biol 2004; 122: 395-412. 
[65] Churchill EN, Szweda LI. Translocation of deltaPKC to mitochon-

dria during cardiac reperfusion enhances superoxide anion produc-
tion and induces loss in mitochondrial function. Arch Biochem 

Biophys 2005; 439: 194-9. 
[66] Prabu SK, Anandatheerthavarada HK, Raza H, Srinivasan S, Spear 

JF, Avadhani NG. Protein kinase A-mediated phosphorylation 
modulates cytochrome c oxidase function and augments hypoxia 

and myocardial ischemia-related injury. J Biol Chem 2006; 281: 
2061-70. 

[67] Adam-Vizi V, Chinopoulos C. Bioenergetics and the formation of 
mitochondrial reactive oxygen species. Trends Pharmacol Sci 

2006; 27: 639-45.  
[68] Lambeth JD. Nox enzymes, ROS, and chronic disease: an example 

of antagonistic pleiotropy. Free Radic Biol Med 2007; 43: 332-47.  
[69] Chen YR, Chen CL, Pfeiffer DR, Zweier JL. Mitochondrial com-

plex II in the post-ischemic heart: oxidative injury and the role of 
protein S-glutathionylation. J Biol Chem 2007; 282: 32640-54.  

[70] Tompkins AJ, Burwell LS, Digerness SB, Zaragoza C, Holman 
WL, Brookes PS. Mitochondrial dysfunction in cardiac ischemia-

reperfusion injury: ROS from complex I, without inhibition. Bio-
chim Biophys Acta 2006; 1762: 223-31.  

[71] Redout EM, Wagner MJ, Zuidwijk MJ, et al. Right-ventricular 
failure is associated with increased mitochondrial complex II activ-

ity and production of reactive oxygen species. Cardiovasc Res 
2007; 75: 770-81.  

[72] Colom B, Oliver J, Roca P, Garcia-Palmer FJ. Caloric restriction 
and gender modulate cardiac muscle mitochondrial H2O2 produc-

tion and oxidative damage. Cardiovasc Res 2007; 74: 456-65.  
[73] Schriner SE, Linford NJ, Martin GM, et al. Extension of murine 

life span by overexpression of catalase targeted to mitochondria. 
Science 2005; 308: 1909-11. 

[74] Gordan JD, Simon MC. Hypoxia-inducible factors: central regula-
tors of the tumor phenotype. Curr Opin Genet Dev 2007; 17: 71-

77.  
[75] Coleman ML, Ratcliffe PJ. Oxygen sensing and hypoxia-induced 

responses. Essays Biochem 2007; 43: 1-15. 
[76] Rocha S. Gene regulation under low oxygen: holding your breath 

for transcription. Trends Biochem Sci 2007; 32: 389-97. 
[77] Wang GL, Semenza GL. General involvement of hypoxia-

inducible factor 1 in transcriptional response to hypoxia. Proc Natl 
Acad Sci U S A 1993; 90: 4304-8  

[78] Wang GL, Semenza GL. Characterization of hypoxia-inducible 
factor 1 and regulation of DNA binding activity by hypoxia. J Biol 

Chem 1993; 268: 21513-8.  
[79] Semenza GL, Oxygen-dependent regulation of mitochondrial respi-

ration by hypoxia-inducible factor 1. Biochem J 2007; 405: 1-9. 
[80] Wenger RH, Stiehl DP, Camenisch G. Integration of oxygen sig-

naling at the consensus HRE. Sci STKE. 2005; re12. 
[81] Chandel NS, Maltepe E, Goldwasser E, Mathieu CE, Simon MC, 

Schumacker PT. Mitochondrial reactive oxygen species trigger hy-
poxia-induced transcription. Proc Natl Acad Sci U S A. 1998; 95: 

11715-20. 
[82] Chandel NS, McClintock DS, Feliciano CE, et al. Reactive oxygen 

species generated at mitochondrial complex III stabilize hypoxia-
inducible factor-1alpha during hypoxia: a mechanism of O2 sens-

ing. J Biol Chem 2000; 275: 25130-8. 
[83] Haddad JJ, Land SC. A non-hypoxic, ROS-sensitive pathway me-

diates TNF-alpha-dependent regulation of HIF-1alpha. FEBS Lett 
2001; 505: 269-74. 

[84] Enomoto N, Koshikawa N, Gassmann M, Hayashi J, Takenaga K. 
Hypoxic induction of hypoxia-inducible factor-1alpha and oxygen-

regulated gene expression in mitochondrial DNA-depleted HeLa 
cells. Biochem Biophys Res Commun 2002; 297: 346-52. 



272    Current Cardiology Reviews, 2010, Vol. 6, No. 4 Goswami and Das 

[85] Dada LA, Chandel NS, Ridge KM, Pedemonte C, Bertorello AM, 

Sznajder JI. Hypoxia-induced endocytosis of Na,K-ATPase in al-
veolar epithelial cells is mediated by mitochondrial reactive oxygen 

species and PKC-zeta. J Clin Invest 2003; 111(7): 1057-64. 
[86] Sanjuan-Pla A, Cervera AM, Apostolova N, et al. A targeted anti-

oxidant reveals the importance of mitochondrial reactive oxygen 
species in the hypoxic signaling of HIF-1alpha. FEBS Lett 2005; 

579: 2669-74. 
[87] Mansfield KD, Guzy RD, Pan Y, et al. Mitochondrial dysfunction 

resulting from loss of cytochrome c impairs cellular oxygen sens-
ing and hypoxic HIF-alpha activation. Cell Metab 2005; 1: 393-9.  

[88] Brunelle JK, Bell EL, Quesada NM, et al. Oxygen sensing requires 
mitochondrial ROS but not oxidative phosphorylation. Cell Metab 

2005; 1: 409-14. 
[89] Guzy RD, Hoyos B, Robin E, et al. Mitochondrial complex III is 

required for hypoxia-induced ROS production and cellular oxygen 
sensing. Cell Metab 2005; 1: 401-8. 

[90] Kaelin WG Jr. ROS: really involved in oxygen sensing. Cell Metab 
2005; 1: 357-8. 

[91] Collier J, Vallance P. Second messenger role for NO widens to 
nervous and immune systems. Trends Pharmacol Sci 1989; 10: 

427-31. 
[92] Beckman JS, Koppenol WH. Nitric oxide, superoxide, and per-

oxynitrite: the good, the bad, and ugly. Am J Physiol 1996; 271: 
C1424-37.  

[93] Suzuki YJ, Forman HJ, Sevanian A, Oxidants as stimulators of 
signal transduction, Free Radic Biol Med 1997; 22:269-285.  

[94] Palmer HJ, Paulson KE. Reactive oxygen species and antioxidants 
in signal transduction and gene expression. Nutr Rev 1997; 55: 

353-61. 
[95] D'Autreaux B, Toledano MB. ROS as signalling molecules: 

mechanisms that generate specificity in ROS homeostasis. Nat Rev 
Mol Cell Biol 2007; 8(10): 813-824. 

[96] Giorgio M, Trinei M, Migliaccio E, Pelicci PG. Hydrogen perox-
ide: a metabolic by-product or a common mediator of ageing sig-

nals? Nat Rev Mol Cell Biol 2007; 8: 722-8.  
[97] Fialkow L, Wang Y, Downey GP. Reactive oxygen and nitrogen 

species as signaling molecules regulating neutrophil function. Free 
Radic Biol Med 2007; 42: 153-64. 

[98] Brigelius-Flohé R. Glutathione peroxidases and redox-regulated 
transcription factors. Biol Chem 2006; 387: 1329-35. 

[99] Fandrey J, Gorr TA, Gassmann M. Regulating cellular oxygen 
sensing by hydroxylation, Cardiovasc Res 2006; 71: 642-51. 

[100] Berra E, Ginouves A, Pouyssegur J. The hypoxia-inducible-factor 
hydroxylases bring fresh air into hypoxia signaling. EMBO Rep 

2006; 7: 41-45. 
[101] Simon MC. Mitochondrial reactive oxygen species are required for 

hypoxic HIF alpha stabilization. Adv Exp Med Biol 2006; 588: 
165-70. 

[102] Turrens JF. Mitochondrial formation of reactive oxygen species. J 
Physiol 2003; 552: 335-44.  

[103] Goswami SK, Maulik N, Das DK. Ischemia-reperfusion and car-
dioprotection: a delicate balance between reactive oxygen species 

generation and redox homeostasis. Ann Med 2007; 39: 275-89. 
[104] Shohet RV, Garcia JA. Keeping the engine primed: HIF factors as 

key regulators of cardiac metabolism and angiogenesis during 
ischemia. J Mol Med 2007; 85: 1309-15.  

[105] Qutub AA, Popel AS. Three autocrine feedback loops determine 
HIF1alpha expression in chronic hypoxia. Biochim Biophys Acta 

2007; 1773: 1511-25.  
[106] Caretti A, Morel S, Milano G, et al. Heart HIF-1alpha and MAP 

kinases during hypoxia: are they associated in vivo? Exp Biol Med 
(Maywood) 2007; 232: 887-94. 

[107] Sano M, Minamino T, Toko H, et al. 53-induced inhibition of Hif-
1 causes cardiac dysfunction during pressure overload. Nature 2007 

; 446 : 444-8.  
[108] Kamat CD, Thorpe JE, Shenoy SS, et al. A long-term "memory" of 

HIF induction in response to chronic mild decreased oxygen after 
oxygen normalization. BMC Cardiovasc Disord 2007; 7-4.  

[109] Zampino M, Yuzhakova M, Hansen J, et al. Sex-related dimorphic 
response of HIF-1 alpha expression in myocardial ischemia. Am J 

Physiol Heart Circ Physiol 2006; 291: H957-64. 
[110] Jung F, Palmer LA, Zhou N, Johns RA. Hypoxic regulation of 

inducible nitric oxide synthase via hypoxia inducible factor-1 in 
cardiac myocytes. Circ Res 2000; 86: 319-25. 

[111] Ladoux A, Frelin C. Cardiac expressions of HIF-1 alpha and 

HLF/EPAS, two basic loop helix/PAS domain transcription factors 
involved in adaptative responses to hypoxic stresses. Biochem 

Biophys Res Commun 1997; 240: 552-6.  
[112] Bianciardi P, Fantacci M, Caretti A, et al. Chronic in vivo hypoxia 

in various organs: hypoxia-inducible factor-1alpha and apoptosis. 
Biochem Biophys Res Commun 2006; 342: 875-80. 

[113] Willam C, Maxwell PH, Nichols L, et al. HIF prolyl hydroxylases 
in the rat; organ distribution and changes in expression following 

hypoxia and coronary artery ligation. J Mol Cell Cardiol 2006; 41: 
68-77. 

[114] Ullah MS, Davies AJ, Halestrap AP. The plasma membrane lactate 
transporter MCT4, but not MCT1, is up-regulated by hypoxia 

through a HIF-1alpha-dependent mechanism. J Biol Chem 2006; 
281: 9030-7.  

[115] Weidemann A, Klanke B, Wagner M, et al. Hypoxia, via stabiliza-
tion of hypoxia-inducible factor HIF-1alpha is a direct and suffi-

cient stimulus for brain-type natriuretic peptide induction. Biochem 
J 2008; 409: 233-42. 

[116] Dai Y, Xu M, Wang Y, Pasha Z, Li T, Ashraf M. HIF-1alpha in-
duced-VEGF overexpression in bone marrow stem cells protects 

cardiomyocytes against ischemia. J Mol Cell Cardiol 2007; 42: 
1036-44.  

[117] Ronkainen VP, Ronkainen JJ, Hänninen SL, et al. Hypoxia induc-
ible factor regulates the cardiac expression and secretion of apelin. 

FASEB J 2007; 2: 1821-30.  
[118] Qutub AA, Popel AS. A computational model of intracellular oxy-

gen sensing by hypoxia-inducible factor HIF1 alpha. J Cell Sci 
2006; 119: 3467-80. 

[119] Feng W, Wang Y, Cai L, Kang YJ. Metallothionein rescues hy-
poxia-inducible factor-1 transcriptional activity in cardiomyocytes 

under diabetic conditions. Biochem Biophys Res Commun 2007; 
360: 286-9. 

[120] Willam C, Maxwell PH, Nichols L, et al. Pugh CW HIF prolyl 
hydroxylases in the rat; organ distribution and changes in expres-

sion following hypoxia and coronary artery ligation. J Mol Cell 
Cardiol 2006; 41: 68-77.  

[121] Sano M, Minamino T, Toko H, et al. 53-induced inhibition of Hif-
1 causes cardiac dysfunction during pressure overload. Nature 

2007; 446 : 444-8. 
[122] Kakinuma Y, Ando M, Kuwabara M, et al. Acetylcholine from 

vagal stimulation protects  cardiomyocytes against ischemia and 
hypoxia involving additive non-hypoxic induction of HIF-1alpha. 

FEBS Lett 2005; 579: 2111-8. 
[123] Muinck ED, Nagy N, Tirziu D, et al. Protection against myocardial 

ischemia-reperfusion injury by the angiogenic Masterswitch pro-
tein PR 39 gene therapy: the roles of HIF1alpha stabilization and 

FGFR1 signaling. Antioxid Redox Signal 2007; 9: 437-45. 
[124] Kido M, Du L, Sullivan CC, et al. Hypoxia-inducible factor 1-

alpha reduces infarction and attenuates progression of cardiac dys-
function after myocardial infarction in the mouse. J Am Coll Car-

diol 2005; 46: 2116-24. 
[125] Natarajan R, Salloum FN, Fisher BJ, Ownby ED, Kukreja RC, 

Fowler AA. 3rd, Activation of hypoxia-inducible factor-1 via pro-
lyl-4 hydoxylase-2 gene silencing attenuates acute inflammatory 

responses in postischemic myocardium. Am J Physiol Heart Circ 
Physiol 2007; 293: H1571-80.  

[126] Das DK, Maulik N. Preconditioning potentiates redox signaling 
and converts death signal into survival signal. Arch Biochem Bio-

phys 2003; 420: 305-11. 
[127] Malik G, Nagy N, Ho YS, Maulik N, Das DK. Role of glutare-

doxin-1 in cardioprotection: An insight with Glrx1 transgenic and 
knockout animals. J Mol Cell Cardiol 2008; 44(2): 261-9. 

[128] Turoczi T, Jun L, Cordis G, et al. HFE mutation and dietary iron 
content interact to increase ischemia/reperfusion injury of the heart 

in mice. Circ Res 2003; 92: 1240-6. 
[129] Brady NR, Hamacher-Brady A, Westerhoff HV, Gottlieb RA. A 

wave of reactive oxygen species (ROS)-induced ROS release in a 
sea of excitable mitochondria. Antioxid Redox Signal 2006; 8: 

1651-65. 
[130] Das S, Engelman RM, Maulik N, Das DK. Angiotensin precondi-

tioning of the heart: evidence for redox signaling. Cell Biochem 
Biophys 2006; 44: 103-10.  

[131] Berndt C, Lillig CH, Holmgren A. Thiol-based mechanisms of the 
thioredoxin and glutaredoxin systems: implications for diseases in 



Oxygen Sensing, Cardiac Ischemia, HIF-1  and Some Emerging Concepts Current Cardiology Reviews, 2010, Vol. 6, No. 4    273 

the cardiovascular system. Am J Physiol Heart Circ Physiol 2007; 

292: H1227-36. 
[132] Kobayashi-Miura M, Shioji K, Hoshino Y, Masutani H, Nakamura 

H, Yodoi J. Oxygen sensing and redox signaling: the role of thi-
oredoxin in embryonic development and cardiac diseases. Am J 

Physiol Heart Circ Physiol 2007; 292: H2040-50.  
[133] Hurd TR, Costa NJ, Dahm CC, et al. Glutathionylation of mito-

chondrial proteins. Antioxid Redox Signal 2005; 7: 999-1010.  
[134] Conrad M, Jakupoglu C, Moreno SG, et al. Essential role for mito-

chondrial thioredoxin reductase in hematopoiesis, heart develop-
ment, and heart function. Mol Cell Biol 2004; 24: 9414-1423.  

[135] Welsh SJ, Bellamy WT, Briehl MM, Powis G. The redox protein 
thioredoxin-1 (Trx-1) increases hypoxia-inducible factor 1alpha 

protein expression: Trx-1 overexpression results in increased vas-
cular endothelial growth factor production and enhanced tumor an-

giogenesis. Cancer Res 2002; 62: 5089-95.  
[136] Zhou J, Damdimopoulos AE, Spyrou G, et al. Thioredoxin 1 and 

thioredoxin 2 have opposed regulatory functions on hypoxia-
inducible factor-1alpha. J Biol Chem 2007; 282: 7482-90. 

[137] Das DK, Maulik N. Cardiac genomic response following precondi-
tioning stimulus. Cardiovasc Res 2006; 70: 254-63. 

[138] Xi L, Taher M, Yin C, Salloum F, Kukreja RC. Cobalt chloride 
induces delayed cardiac preconditioning in mice through selective 

activation of HIF-1alpha and AP-1 and iNOS signaling. Am J 
Physiol Heart Circ Physiol 2004; 287(6): H2369-75.  

[139] Cai Z, Manalo DJ, Wei G, et al. Hearts from rodents exposed to 

intermittent hypoxia or erythropoietin are protected against ische-
mia-reperfusion injury. Circulation 2003; 108: 79-85. 

[140] Kawata H, Yoshida K, Kawamoto A, et al. Ischemic precondition-
ing upregulates vascular endothelial growth factor mRNA expres-

sion and neovascularization via nuclear translocation of protein 
kinase C epsilon in the rat ischemic myocardium. Circ Res 2001; 

88: 696-704. 
[141] Chen WJ, Chen HW, Yu SL, et al. Gene expression profiles in 

hypoxic preconditioning using cDNA microarray analysis: altered 
expression of an angiogenic factor, carcinoembryonic antigen-

related cell adhesion molecule. Shock 2005; 24: 124-31. 
[142] Takeda K, Ho VC, Takeda H, Duan LJ, Nagy A, Fong GH. Placen-

tal but not heart defects are associated with elevated hypoxia-
inducible factor alpha levels in mice lacking prolyl hydroxylase 

domain protein 2. Mol Cell Biol 2006; 26: 8336-46.  
[143] Helton R, Cui J, Scheel JR, et al. Brain-specific knock-out of hy-

poxia-inducible factor-1alpha reduces rather than increases hy-
poxic-ischemic damage. J Neurosci 2005; 25: 4099-107. 

[144] Köhl R, Zhou J, Brüne B. Reactive oxygen species attenuate nitric-
oxide-mediated hypoxia-inducible factor-1alpha stabilization. Free 

Radic Biol Med 2006; 40: 1430-42.  
[145] Crozier SJ, Zhang X, Wang J, Cheung J, Kimball SR, Jefferson LS. 

Activation of signaling pathways and regulatory mechanisms of 
mRNA translation following myocardial ischemia-reperfusion. J 

Appl Physiol 2006; 101: 576-82.  
 

 

Received: September 3, 2010 Revised: September 3, 2010 Accepted: September 15, 2010 

 


