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Footnote to page 1. At least two different units are used in the literature for the expression of oxygenation, %O2 and pO2. Each may be
appropriate for specific conditions, and often they are interconvertible. For example, one atmosphere (760 mm Hg) of air (20.95%O2 /
o
78.08% N2) is equivalent to pO2 = 159 mm Hg or Torr. At 37 C, one atmosphere of humidified air corrected for the partial pressure of H 2O
o
(47 mm Hg) is equivalent to 76047 = 713 mmHg or Torr. Therefore, for humidified air in the body (say tracheal air) at 37 C, 1% and 7.13
mm Hg or Torr are equivalent. Because this article discusses in vitro studies involving cell culture incubators set at %O2, this unit has been
used.
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ABSTRACT
Focal coronary artery blockage followed by further reperfusion injury is commonly involved in
myocardial infarction. The injured heart has some inherent reparative responses. Although
such natural healing mechanisms seem to be inefficient, a clear understanding of the
underlying principles of myocardial healing holds the key to successful therapy. Under
normoxic conditions, pO2 ranges from 90 to <3 Torr in mammalian organs with the heart at
~35 Torr (5%) and arterial blood at ~100 Torr. Thus, “normoxia” for cells is an adjustable
variable. In response to chronic moderate hypoxia, cells lower their normoxia setpoint such
that reoxygenationdependent relative elevation of pO2 (+∆pO2) results in perceived
hyperoxia. Perceived hyperoxia induces differentiation of cardiac fibroblasts to myofibroblasts
in the periinfarct region and represents one factor supporting myocardial healing. This review
article discusses the significance of oxygensensitive genes in the cardiac fibroblasts in post
reoxygenation myocardial healing. In addition to being indispensable as a tool for identifying
O2sensitive genes in the cardiac fibroblast and categorizing them into functional groups, the
DNA microarray plays a wider role in helping to identify pathways of development and repair,
as well as potential targets for therapy. Because appropriate statistical analyses and
development of pathway networks are critical for extracting useful information from
microarrays, pointers to recent developments in DNA microarray as an analytical tool are
presented.
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INTRODUCTION
Focal coronary artery blockage followed by further reperfusion injury is a key sequence of
events that are associated with myocardial infarction. The typical clinical case of reperfusion
injury occurs in acute myocardial infarction in which an occlusion of a major epicardial
coronary artery is followed by reestablishment of the vascular canal of the artery.
Reperfusion therapy is often used in an attempt to salvage the ischemic tissues. Other
conditions involving reperfusion include cardiac surgery when the heart is arrested with
cardioplegia to facilitate surgical intervention and is subsequently reoxygenated after removal
of the aortic crossclamp. Acute hypoxia, followed by abrupt reoxygenation using say
cardiopulmonary bypass, results in an unintended injury mediated by oxygen free radicals (2).
While reperfusion has been mostly studied in the context of “oxygen wastage” (129) and
related oxidative injury (2), it is important to underscore that reperfusion is necessary for
revival of physiological functioning and survival of ischemic tissues. Recent studies clearly
establish that the challenged heart does have some inherent reparative responses ranging
from recruitment of progenitor cells from the bone marrow to the injury site (110), mitosis of
cardiomyocytes (8) to differentiating fibroblasts at the injury site to myofibroblast (125).
Although such naturally occurring myocardial reparative process seems to be relatively
inefficient in preventing adverse functional outcomes, a clear understanding of the underlying
principles of myocardial healing hold the key to successful therapy. Thus, substantial efforts
have been directed towards the understanding of natural principles that underlie healing of
the reperfused heart muscle. Such knowledge would serve as an indispensable tool to
vitalize the natural healing responses towards improved functional outcomes. The objective
of this article is to discuss the significance of oxygensensitive genes in the cardiac
fibroblasts in postreoxygenation myocardial healing followed by the analysis of DNA
microarray as a tool in experimental heart research.
3

POSTREOXYGENATION MYOCARDIAL HEALING

ISCHEMIAREPERFUSION AND OXYGEN TENSION
Under conditions of systemic normoxia, the heart cells receive a limited supply of O2 not to
exceed a maximum of 10% (57, 163, 165). This is consistent with the recent observation that
myocardial pO2 in the working murine heart in vivo is 5% (123). The myocardium may be
exposed to hypoxia under a number of conditions such as transplantation, myocardial
ischemia after occlusion of a major coronary artery, high altitude, and anemia. Conditions of
ischemia in the heart, such as caused by the occlusion of a distal arterial vessel, result in a
hypoxic area containing a central focus of nearzero O2 pressure bordered by tissue with
diminished but nonzero pO2 (Fig. 1). These border zones extend for several millimeters from
the hypoxic core, with the O2 pressures progressively increasing from the focus to the
normoxic region (126). Moderate hypoxia is associated with a 3060% decrease (~13% O2)
in pO2 (141). Since prior studies showed that O2 consumption becomes O2limited only below
0.1% O2 in isolated rat cardiac myocytes and below 0.3% in isolated rat hearts, physiological
or metabolic changes observed in cells at 13% O2 would be unlikely to result from limited
oxygenation of mitochondrial cytochromes (77, 166). In response to mild or moderate
compromise in pO2, adaptive processes in surviving cells allow for physiological functioning
of the tissue. These adjustments are evident for example in the hibernating myocardium
where the organ maintains vital functions in the face of prolonged moderate hypoxia (18).
Although adjustments in metabolism and contractile function have been demonstrated to
allow myocardial survival in the face of reduced O2 supply, the cellular basis of such
adaptation and the signaling pathways involved in the process remain to be defined (142).

OXYGEN AND OXYGEN SENSING
Oxygen got its name from "Principe Oxygene", which means acidifying principle. "Oxy" is
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from Greek, and means sharp or acid; "gen" is also from Greek, and means the origin of.
Taken together, oxygen means "the origin of acid". Joseph Priestly’s (1774) “dephlogisticated
air” (116) and Carl Scheele’s (1771) “fire air” were soon characterized by Antoine Lavoisier
as pure respirable air (83). Within decades of the first realization that oxygen is the element
of life, BrizéFradin (14) noted in 1808 that “vital air” or pure oxygen would soon wear life out
instead of maintaining it. That oxygen may be harmful to human health was first postulated in
the late 19th century with Paul Bert's work (1878) on oxygen sickness. That observation was
extended

through

Michaeli's

theoretical

considerations,

Gerschman's

experimental

verification and finally caught the interests of biomedical scientists when in 1969 McCord &
Fridovich demonstrated that a metalloenzyme produced hydrogen peroxide (H2O2) by
combining a toxic metabolite of oxygen known as superoxide (O2) with hydrogen (96, 97).
Claude Bernard’s claim that the "fixity of the milieu interieur" was essential to the life of higher
organisms in the early 19th century was followed by Walter Cannon’s concept of
“homoeostasis” who refined and extended the concept of selfregulating mechanisms in living
systems. As with numerous biological systems, the concept of homeostasis applies to the
tissue biology of oxygen as well.

Cellular O2 homeostasis is tightly maintained within a narrow range (perceived as “normoxia”)
due to the risk of oxidative damage from excess O2 (hyperoxia), and of metabolic demise
from insufficient O2 (hypoxia) (137). pO2 ranges from 90 to below 3 Torr in mammalian
organs under normoxic conditions with arterial pO2 of about 100 Torr or ~14%O2 (112). Thus,
“normoxia” for cells is a variable that is dependent on the specific localization of the cell in
organs and functional status of the specific tissue. O2 sensing is required to adjust to
physiological or pathophysiological variations in pO2. Whereas acute responses often entail
changes in the activity of preexisting proteins, chronic responses invariably involve O2
5
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sensitive changes in signal transduction and gene expression (41). Several current articles
have highlighted the key significance of understanding the fundamentals of O2 sensing (15,
40, 42, 67, 68, 76, 80, 91, 104, 139, 173). The elegantly elaborated principles of hypoxia
sensing in the bacteria and yeast (19, 56, 109) have still to find their matching counterparts in
higher organisms. Even transient localized O2 deficits can produce irreversible cellular
damage. The lack of O2 is critical in the pathogenesis of major causes of mortality such as
stroke, myocardial infarction and chronic lung diseases. This provides for a compelling
rationale to decipher the hypoxic response pathway. This pathway is implicated in adaptation
to hypoxiainduced physiological stress by regulating changes in gene expression, and is
also critical for the execution of many physiological events including formation of blood
vessels during embryogenesis, and pathophysiological processes such as tumorigenesis (16).
A family of hypoxiainducible transcription factors (HIFs) lies as at the heart of this adaptive
pathway (137, 138). HIF1 is a heterodimer composed of hypoxiaregulated HIF1a (or its
paralogs HIF2a and HIF3a) and oxygeninsensitive HIF1b subunits which are basicloop
helixPAS domain proteins (136). The asubunit of the heterodimeric transcription factors
HIF1, 2 and 3 is unstable under normoxia but is rapidly stabilized upon exposure to hypoxic
conditions. Following heterodimerization with the constitutively expressed beta subunit, HIFs
activate the transcription of an increasing number of genes involved in maintaining oxygen
homeostasis at the cellular, local and systemic levels. A major advance in our comprehension
of how hypoxia is sensed by mammalian cells came forth with the discovery of a family of
oxygendependent enzymes responsible for the modulation of HIF1 stability (15, 42, 68).
More recently, a second oxygendependent posttranslational modification of HIF that
regulates the ability of HIF to recruit stimulatory transcriptional cofactors to its target genes
has been identified (80). Degradation of HIF1a under normoxic conditions is triggered by
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posttranslational hydroxylation of conserved proline residues within a polypeptide segment
known as the oxygendependent degradation domain (ODD). Hydroxylation of at least two
prolyl residues in ODD of HIF1a regulates its interaction with the von HippelLindau protein
(VHL) that targets HIF1a for ubiquitination and proteosomal degradation (136). Induction of
HIF1a in response to hypoxia is instantaneous arguing against a complex signal
transduction pathway (69). Reactive oxygen species (ROS), present at higher concentrations
under normoxia compared to hypoxia, have been proposed to be a key player in oxygen
sensing (112). ROS is thought to oxidatively degrade HIF1a under normoxic conditions (112).
Arguing against a role of ROS in HIF1a induction, Jaakkola et al. have demonstrated that in
an in vitro system lacking cellular enzymes O2. or H2O2 fails to induce HIF1a degradation
response (68). In this context it should be noted that while it is true that specific prolyl
hydroxylase enzymes are necessary for oxygen sensing, dioxygen is a required cofactor (68)
and that inside the cell H2O2 is known to serve as a precursor of dioxygen when acted upon
by catalase (122). Several laboratories have reported that ROS negate hypoxia inducible
cellular responses. The addition of exogenous H2O2 inhibited hypoxiainduced erythropoietin
(Epo) production in HepG2 cells. Likewise, elevation of endogenous H2O2 levels by the
addition of menadione or the catalase inhibitor, aminotriazole, dosedependently lowered Epo
production (44). Sequestration of H2O2 mimics hypoxia (20). Antioxidants have been able to
mimic hypoxia by inducing HIF1a under normoxic conditions (28, 128). In striking contrast to
these findings, Schumacker and associates reported that cardiomyoctes increase ROS
production following exposure to hypoxia (37, 157) and that mitochondrial cytochrome c
oxidase serves as the oxygen sensor that enhances ROS production (18, 21). While the
dispute regarding the conditions under which ROS induces or suppress cellular responses to
hypoxia requires additional definitive data, it may be summarized that there is a general
7
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consensus and clear rationale supporting that ROS play a key role in oxygen sensing (161).

Current work in the field of oxygen sensing is almost exclusively focused on the study of
hypoxia. Reoxygenation, on the other hand, has been mostly investigated in the context of
oxidative injury and there is a clear paucity of data describing the O2sensitive signal
transduction pathways under conditions of oxygenation that mildly or moderately exceed
perceived normoxia. During hypoxia in the heart, cells adjust their normoxic setpoint such
that the return to normoxic pO2 after hypoxia is perceived as “relative hyperoxia” (41, 103).
Understanding the molecular responses to such hyperoxic challenge is important because
they are triggered by tissue reoxygenation in vivo. “O2 wastage” and oxidative injury (129)
represent important aspects of ischemiareoxygenation biology, however, it is important to
underscore that reperfusion/reoxygenation is necessary for the revival of physiological
functioning and longterm survival of ischemic tissues.

PERCEIVED HYPEROXIA : P21 AS A KEY EFFECTOR
Although cells are cultured in the laboratory at an ambient O2 concentration of 20%, which
corresponds to a pO2 of approximately 140 mmHg at sea level, cells in the human body are
exposed to much lower O2 concentrations ranging from ~14% (100 mm Hg) in the pulmonary
alveoli to 5% (35 mm Hg) in the heart. Culturing cells at room air is generally considered to
be a “normoxic” condition. Studies related to cellular effects of hyperoxia have focused on
concentrations of O2 much higher than 20% (144). A quarter of a century ago it was
published in Nature that human diploid fibroblasts grown at 10% O2 have a longer life than
cells grown at the routine 20.6% O2 (106). Consistently, development of preimplantation
embryos clearly favors 7% O2 over 20% O2 ambience (7). Ambient O2 is readily dissolved in
the cell culture medium (93). Thus, isolating a primary heart cell from a 5% O2 environment
8

and maintaining it at 20% O2 roomair condition may be expected to subject the cells to “O2
stress” that would be sensed by mechanisms responding to supraphysiological levels O2. To
address this issue, recent works in our laboratory have tested the hypothesis that that O2,
even in marginal relative excess of the pO2 to which cells are adjusted, results in activation of
specific signaling pathways that alter the phenotype and function of cells (123125). We
proposed that during mild hypoxia, myocardial cells adjust their normoxia setpoint such that
reoxygenationdependent relative elevation of pO2 results in "perceived hyperoxia" (Fig. 1).

The first line of evidence supporting the concept of perceived hyperoxia originated from in
vitro studies. Adult ventricular cardiac fibroblasts, grown under conditions of 20% or 10%O2
since isolation from 5%O2 in vivo, proliferated significantly slower than cells grown at near
physiological 3%O2. Growth arrest at G2/M phase was evident. On day 6 of culture, the
number of cells at 3%O2 was double compared to cardiac fibroblasts count at 20%O2. The
O2sensitive growth inhibition was reversible ruling out senescence as the primary route of
growth arrest. Previous studies with noncardiac fibroblasts suggest the differentiation of
fibroblasts is subject to reversal (92, 159). Cardiac fibroblasts isolated from 5%O2 in vivo and
grown at a fourfold O2rich ambience underwent a clear change of phenotype indicative of
differentiation. Such changes were clearly minimized in cells grown under 5%O2 culture
conditions. Markers of O2induced differentiation of cardiac fibroblasts to myofibroblasts
included substantial increase in cell size, appearance of stress fibers and parallel
reorganization of smooth muscle actin with the stress fibers. Furthermore, exposure of
cardiac fibroblasts to supraphysiological concentration of O2 enhanced vimentin and smooth
muscle actin expression as well as increased contractility of cells in a collagen matrix. These
observations confirmed that exposure of cardiac fibroblasts to elevated O2 triggers
differentiation of the cells to myofibroblasts. Here, elevated O2 refers to an ambience
9
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containing higher concentration of O2 than the levels of O2 to which the cells are adjusted in
vivo (Fig. 2).

TGFb1 is a known inducer of cardiac fibroblast differentiation (36). The morophological/
cytoskeletal characteristics of cardiac fibroblasts observed in response to elevated O2
matched those of cardiac fibroblast cultured at 3%O2 but treated with TGFb1. Strikingly,
inhibition of p38MAPK significantly released both TGFb1induced as well as elevated O2
induced growth inhibition. These observations suggested a parallel between TGFb1 and
perceived hyperoxia induced changes in cellular responses. Application of the highdensity
DNA microarray approach coupled with bioinformatics tools (see latter section on Microarray
as Tool for a treatise on analytical considerations) identified O2sensitive genes in cardiac
fibroblasts and categorized them into functional groups (125). Results from unbiased
screening for O2sensitive genes confirmed the p21p53 axis as being a key target of cardiac
fibroblast exposure to elevated O2. This finding is consistent with the current notion that many
of the signaling pathways that control cellular decisions related to tissue remodeling are
regulated by nuclear interactions of cellcycle proteins (102). Microscopic visualization of
cardiac fibroblasts revealed that the nucleus of cells exposed to 20%O2 clearly stained more
prominently for the presence of p21 protein compared to fibroblasts at 3%O2. Exposure of
cardiac fibroblasts to 20%O2 resulted in a significant increase in p21 promoterdriven
luciferase reporter activity. To test the significance of elevated O2induced p21 expression on
growth arrest observed under conditions of room air, experiments were conducted using
cardiac fibroblasts isolated from the heart of p21 knockout mice. Strikingly, p21 deficient
cells completely escaped from elevated O2induced growth arrest. Thus, p21 has been
identified as a key effector of perceived hyperoxia.
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Quantitative analysis of gene expression revealed that in addition to p21, exposure of cardiac
fibroblasts to elevated O2 resulted in the marked induction of cyclin D1, D2, G1 and Fra2.
Elevated expression of these candidates are not only associated with growth inhibition but
also with differentiation (5, 43, 47, 75, 95, 98, 105, 108). The Dtype cyclins consist of cyclins
D1, D2 and D3. Cyclin D1 synthesis is induced by p21 (25). Cyclin D2 expression is known to
be induced in multiple states of growth arrest (98). Cyclin G1 is involved in G2/M arrest
(75).This is consistent with the observation that cardiac fibroblasts exposed to elevated O2
contain higher levels of cyclin G1 mRNA and are in G2/M arrest. Fosrelated antigen 2 (Fra2)
is a member of the Fos family of immediateearly genes, most of which are rapidly induced by
second messengers. All members of this family act by binding to AP1 sites as heterodimeric
complexes with other proteins. However, each appears to have a distinct role. Although the
role and biology of Fra2 are less understood than those of its relatives cFos, Fra1, and
FosB, it is evident that elevated Fra2 is associated with cellular differentiation (5, 95, 105).

Because cellular phenotype induced by perceived hyperoxia compared well with TGFb
induced morphological changes, the hypothesis that TGFb1 is involved in conferring O2
sensitive phenotype to cardiac fibroblasts was proposed. Both total and active TGFb1 were
substantially higher in cardiac fibroblasts exposed to 20%O2. Experiments with conditioned
cell culture media supported that the media of cardiac fibroblasts grown at 20%O2 contain
significantly higher amounts of active TGFb1 compared to media from cells at 3%O2. In
support of the hypothesis that ROS can trigger the displacement of latencyassociated
peptide from TGFb1, it has been observed that exposure to TGFb1 containing conditioned
culture media to oxidant challenge (UVC) significantly increased the levels of active TGFb1. It
11
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is plausible that ROS generated by cells at elevated O2 may activate TGFb1 (123). p38MAPK
represents a major downstream mediator of TGFb signaling (29, 30, 54, 59, 63, 78, 133, 160,
162, 168). Using ingel kinase assay it has been observed that the activation of p38MAPK in
isolated primary cardiac fibroblasts is sensitive to ambient O2. Furthermore, the growth
inhibition caused by exposure to elevated O2 can be abrogated in the presence of a
p38MAPK inhibitor. These observations lead to the hypothesis that exposure of cardiac
fibroblasts to perceived hyperoxia induces the activation of p38MAPK which in turn plays a
significant role in executing O2induced growth inhibition via inducible p21 expression (Fig. 2).

CARDIAC FIBROBLASTS: KEY PLAYERS IN MYOCARDIAL REPAIR
In excess of 90% of the myocardium’s interstitial cells are fibroblasts (39), which actively
crosstalk with myocytes (107) to determine the quantity and quality of extracellular matrix (39,
74, 81). Compared to myocytes, cardiac fibroblasts are relatively more resistant to oxidant
insult (170). Under certain pathological conditions such as aortic regurgitation, cardiac
fibroblasts produce abnormal proportions of noncollagen extracellular matrix, specifically
fibronectin, with relatively little change in collagen synthesis (13). A characteristic feature of
cardiac fibroblasts is their ability to differentiate forming myofibroblasts. Specific factors that
facilitate this differentiation process have been recently identified (46). Cardiac fibroblasts
electrically couple with cardiac myocytes to contribute to the tissue's electrophysiological
properties responsible for maintaining cardiac rhythm (45). The CMG cardiomyogenic cell line,
which serves as precursor of a mixture of fibroblasts and spontaneously beating
cardiomyocytelike cells, generates myocytes with sustained functionality for transplantation
purposes (50). In addition to the wellrecognized cooperation with myocytes, cardiac
fibroblasts are known to interact with endothelial cells to support angiogenesis in the heart
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(171). Fibroblasts actively regulate interstitial fluid pressure in loose connective tissue by
maintaining tension on the collagen network (10, 121). Taken together, cardiac fibroblasts
represent an integral component of the key mechanisms that are required to maintain normal
cardiac functioning, defend the heart against insults and orchestrate remodeling of injured
tissue (149). It has been classically acknowledged that the mammalian heart has a very
limited regenerative capacity and, hence, heals by scar formation (101), a process directly
regulated by fibroblasts and their derivative matrix products. Culture of isolated myocardial
cells, both myocytes and interstitial cells, have proven to be very useful over the last decade
for studying molecular and cellular cardiac physiology and pathophysiology (11, 27, 35, 52,
58, 60, 73, 79, 81, 127, 150, 153, 158, 164). Cardiac fibroblasts are mainly responsible for
the synthesis of major extracellular matrix (ECM) in the myocardium including fibrillar
collagen types I and III and fibronectin. The cardiac ECM forms a stresstolerant network that
facilitates the distribution of forces generated in the heart and provides for proper alignment of
cardiac myocytes. Effective reorganization of cells to regenerate an injured tissue requires
the efficient laying out of a proper extracellular matrix bed. Studies with scaffolds have
underscored the key significance of acellular extracellular matrix in facilitating tissue
regeneration (4).

During the last two decades, the pursuit for unraveling the science of myocardial healing has
developed asymmetrically with a vast majority of the studies focusing on cardiomyocytes with
little or no recognition of the significance of the populous fibroblasts (89). Addressing this
oversight may hold the key to more conclusive clinical outcomes than generated from current
efforts (94, 135). Indeed, in cellular therapeutics aiming at myocardial repair the delivery of
mesenchymal stem cells, progenitors of all connective tissue cells including cardiac
fibroblasts, to the injury site in the heart has generated favorable outcomes. In adults of
13
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multiple vertebrate species, mesenchymal stem cells have been isolated from bone marrow
and other tissues, expanded in culture, and differentiated into several tissueforming cells
such as bone, cartilage, fat, muscle, tendon, liver, kidney, heart, and even brain cells. Adult
mesenchymal stem cells isolated from fatty tissue can be chemically transformed into
cardiomyocytes serving as a source of autologous cardiac fibroblasts and myocytes for
myocardial repair (119). More recently it has been demonstrated that human mesenchymal
stem cells can be differentiated in vitro into a mixture of fibroblast and cardiomyocytelike
cells which are potentially valuable for repairing the injured myocardium (167). Genetically
modified human mesenchymal stem cells can express functional HCN2 channels in vitro and
in vivo, mimicking overexpression of HCN2 genes in cardiac myocytes, and represent a
novel delivery system for pacemaker genes into the heart or other electrical syncytia (113).
Systemic delivery of bone marrowderived mesenchymal stem cells has been tested for
myocardial repair. Such delivery of mesenchymal stem cells to rats after myocardial infarction,
although feasible, was limited by entrapment of the donor cells in the lungs. Direct left
ventricular cavity infusion enhanced migration and colonization of the cells preferentially to
the ischemic myocardium (6). The efficacy of human mesenchymal stem cells in cellular
repair is dependent on its ability to communicate with target cells such as cardiac myocytes
via gap junctions. Recently it has been demonstrated that human mesenchymal stem cells
make cardiac connexins and form functional gap junctions in the myocardium (154).

One of the key determinants of the response of the cardiac fibroblast in the clinical context of
myocardial damage is its transformation from a quiescent cell primarily responsible for
extracellular matrix homeostasis, to an activated or differentiated cell which plays a central
role in wound healing (89). Stimulation of fibroblast proliferation may contribute to fibrosis of
the heart (120). However, cellcycle arrest followed by differentiation to myofibroblast may
14

support wound contraction. The first evidence for perceived hyperoxia in vivo came from a
survival surgery model involving ischemiareoxygenation of the rat heart (125). Examination
of the postreoxygenation tissue revealed induction of p21 accompanied by differentiation of
cardiac fibroblasts to myofibroblasts in the periinfarct region (regions ii & iii, Fig. 1).
Reoxygenation represents only one of numerous factors that are associated with reperfusion.
Direct evidence supporting that inducible p21 expression in the heart in vivo is indeed
sensitive to +∆pO2 came from studies demonstrating that the gene can be induced in the
heart in vivo simply by transiently exposing mice to an oxygenrich ambience (125). p21
supports remodeling of tissues injured by oxygenation (147). Other responses to perceived
hyperoxia include TGFb activation and differentiation of fibroblasts to myofibroblasts (123).
Both of these processes have been identified in the myocardial tissue recovering from
reoxygenation injury (48, 64). Current studies identify TGFb as an important mediator of post
reperfusion healing (23), consistent with the proposed role of perceived hyperoxia in
facilitating tissue remodeling.

That low oxygen ambience serves as a cue to trigger angiogenesis is a wellaccepted notion.
Studies related to perceived hyperoxia establish that the sensing of oxygen environment is
not limited to hypoxia. It demonstrates that in addition to being a trigger for injury as is widely
recognized, reoxygenation insult has an inbuilt component of tissue remodeling in the peri
infarct region induced by perceived hyperoxia. Like other reparative responses, this
mechanisms is also clearly inadequate to heal the heart in the case of injuries with clinical
manifestations. Understanding of the underlying mechanisms of this and other myocardial
healing responses should, however, prove to be instrumental in developing productive
therapeutic approaches.

15
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DNA MICROARRAY AS A TOOL: AN UPDATE ON CONSIDERATIONS AND APPROACHES
In addition to being indispensable as a tool for identifying O2sensitive genes and categorizing
them into functional groups (125), the DNA microarray plays a wider role in helping to identify
pathways of development and repair, as well as potential targets for therapy.
describe recent use of the microarray in heart studies.

Here we

Because motivated statistical

analyses are critical for extracting useful information from microarrays, we present an
overview of current statistical practice, with pointers to recent methodological research.

RESEARCH DESIGNS
Most microarray experiments in heart research have utilized one of two research designs,
differential expression or longitudinal pattern. The goal of the first type is to identify which
genes operate differently when a particular condition is changed. The goal of the second is to
describe the time pattern genetic expression concurrent with developmental changes in the
heart.

Differential expression
Typifying this design, several rodent studies have identified the genomic basis of cardiac
hypertrophy (87, 114, 152). Other studies have identified overexpression of thrombosondin2
and galectin3 as predictors of heart failure (90, 134, 140). Prentice and Webster (115)
provide a review of other recent heart studies for differential expression, and statistical
methods for identifying differential expression are detailed in another section of this review.
Once differentially expressed genes have been identified using these methods, current
practice calls for confirming the results by running independent expression tests, such as
quantitative PCR, ribonuclease protection assay or Northern blot, for the selected genes.
16

Differentially expressed genes play a critically important role in deducing pathways and
thereby developing new therapeutic strategies. In a rat model of ischemia, gene expression
profiling experiments resulted in the discovery of two different genetic programs in the heart,
namely, a protective program activated upon brief episodes of transient ischemia and an
injuryrelated one activated in response to irreversible ischemic injury (143). In addition to
confirming suspected pathways, microarray analysis may help to generate new hypotheses.
In another rat model (33) for differences in mRNA expression of hyperthyroid and normal
heart, differentially expressed genes encoded proteins related to specific functional
categories. Reduction of insulininduced glucose uptake in hyperthyroid cardiomyocytes
indicated impaired glucose transport in cardiac cells. Moreover, a few genes such as GLUT4,
cytochrome

P450

isoforms,

superoxide

dismutase

(SOD),

collagens,

matrix

metalloproteinases (MMP), and tissue inhibitors of matrix metalloproteinases had not been
reported earlier. These findings suggest additional pathways that may be altered in
hyperthyroid heart.

Longitudinal pattern
Generally speaking, longitudinal studies involve comparison of gene expressions at various
intervals over a course of time. These designs fall into two categories: repeated measures, in
which measurements are made on the same subject at different times, and cross sectional
studies, in which samples are harvested from a diminishing pool of subjects at each time
interval. An example of the former is a study where blood samples were taken from stenosis
patients prior to stent placement, and afterwards at 2 weeks and 6 months. Peripheral blood
mononuclear cells were used with Affymetrix U133A microarrays to identify longitudinal
patterns of genes that were associated with instent restenosis (ISR). Identification of such
genes aids in either screening patients or developing treatments such as coating of stent (51).
17
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In this example, the goal again is to differentiate outcome using gene expression data, but
here the expressions come as triples (preplacement, 2 weeks, and 6 months) for each gene.
Although there are highly developed statistical methods for analyzing the time course of a
single gene using a sample of subjects (34), the problem with doing this for many genes is an
area of current statistical research. The problem is a bit easier when only two time points are
used. To study the effect of chronic ventricular unloading on myocardial gene expression,
microarray profiling gene expression was compared before and after LVAD (26). Upregulated
genes included a large proportion of transcription factors, genes related to cell
growth/apoptosis/DNA

repair,

cell

structure

proteins,

metabolism,

and

cell

signaling/communication; downregulated genes were limited to cytokines. Identification of
genes with significant changes in expression, in this instance, becomes similar to the
procedures used for finding differential expression except that paired tstatistics are used in
place of twosample tstatistics (148).

Although it may seem that repeated measurement experiments are relatively rare in heart
research, such is not the case if the repeated measurements on the same subject involve
different tissues harvested at the same time. Examples include monitoring gene expression
patterns in cerebellum, heart and white adipose tissue in a mouse model of mutation to
thyroid hormone receptor b (TRb) (99), which helped uncover complex multiple signaling
pathways that mediate the molecular actions of TRb mutants in vivo. Another example is
where the researchers explored mRNA expression from all four chambers of eight explanted
failing [idiopathic dilated cardiomyopathy (DCM), n=5; ischemic cardiomyopathy (ICM), n=3],
and five nonfailing hearts using highdensity oligonucleotide arrays (Affymetrix U95Av2) (70).
The goal is to recognize common gene expression patterns in heart failure. Although existing
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statistical methods for paired comparisons can lead toward this goal, there remains a need
for more effective statistical methods in this area. In contrast, cross sectional studies are
easier to analyze statistically. The drawback is that they carry less information per microarray
about the course of development than do repeatedmeasure designs. Nevertheless, such
designs are plentiful and informative. In studying postnatal development of the mouse heart,
several genes involving the cell cycle, growth factors, transcriptional regulation, cytoskeleton,
and detoxification enzymes were identified by microarray analysis (24). In particular, in vivo
treatment with one of these, pleiotrophin (PTN), increased bromodeoxyuridine incorporation
and proliferating cell nuclear antigen expression during day 7 to day 14, indicating that PTN
induces cell proliferation in mouse heart. Another study incorporated a similar design to
identify genes with different longitudinal profiles of expression in control and transverse aortic
constricted mice, implicating the involvement of several pathways regulating both cardiac
structure and function (172). Confirmation of the expression levels with quantitative PCR was
in greatest accordance with GeneChip data for those genes with the largest up or down
regulation profiles.

STATISTICAL METHODS
Microarrays are imaged using an optical scanner. These images must then be background
corrected to adjust for nonspecific binding, fluorescence from other chemicals on the slide,
and the like. The next steps in analysis in most studies are normalization, to adjust for
differences that are not biological in nature, but are due to the technology (e.g. dye effects);
and comparison testing, to determine which genes are differentially expressed. These basic
steps are often followed by cluster analysis, to search for groups of genes (or subjects) with
similar gene expression patterns; and functional assessment, in which relational databases
are used to identify pathway components compatible with the observed patterns of
19
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expression. We illustrate these procedures using the data from our laboratory describing the
oxygensensitive genes in adult primary cardiac fibroblasts (125).

Background adjustment and normalization
DNA microarrays contain multiple probes for each gene. The probes are typically scattered
over the surface of the microarray chip. Variations in intensity from probe to probe or chip to
chip for the same sample need to be resolved into a reliable level of expression. Observed
intensities are sometimes modified based on comparison with nearby, background, probes
whose expression is theoretically known. For cDNA microarrays, background adjustment is
controversial, since although it can reduce bias, it can also increase variance. See Scharpf et
al. (132) for discussion of the biasvariance tradeoff and Smyth et al. (146) for a description of
some of the commonly used background adjustment methods. For Affymetrix arrays, each
gene probe has a single nucleotide mismatch probemate. The MAS 5.0 method of Affymetrix,
which use paired probes for adjustment, and the RMA method (12), which uses quantile
adjustment, are both in common practice.

Microarray data can be quite noisy. Much of the variation in intensity levels can arise from
technical rather than biological causes. Nonbiological sources of variation can be introduced
during sample preparation (e.g. dye effects), array manufacture (e.g. probe concentration),
hybridization (e.g. amount of sample), and in the measurement process (e.g. scanner
inaccuracies) (61). For a more complete discussion of possible sources of obscuring variation
see Hartemink et al (61). Some biological sources of bias, such as comparison of in vivo with
in vitro samples, may call for special adjustment. Hence it is important to normalize data to,
as much as possible, remove the technical variation while still retaining the informative
biological variation. Normalization is performed both within each array, and between arrays,
to make comparisons more meaningful. As an example, boxplots of unnormalized and
normalized intensity data from a microarray study with six Affymetrix arrays is given in
FIGURE LEGENDS
Figure 1. Cellular responses to reoxygenation following chronic hypoxia. Chronic
hypoxia results in cellular adjustments such that reoxygenation causes hyperoxic insult as
evident in part in the form of oxidative damage in numerous studies. ischemic, diagram of
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ischemic tissue, with focus of insult represented by the blue center (region i). Focal ischemia
is known to be associated with graded oxygenation from nearzero status at focus to levels
increasing with distance from focus. The concentric circles represents regions (iiv) of the
tissue with increasing graded distance from the focus of insult (blue); reperfused, diagram of
the reperfused tissue with corrected pO2 state represented by change of color from a shade
of blue (hypoxic) to red. Important elements triggered by oxygen, during the course of
reoxygenationassociated remodeling include: in region i cell death or fatal oxidative injury at
the focal point of insult, making room for regenerating tissues; in region ii nonfatal cellular
stress, triggering reparative responses; in region iii survival of phenotypically altered cells
that favor remodeling (physiological or pathological / fibrogenic). Fibrosis denies room to
regenerating healthy cells; and in region iv correction of pO2 of mildly hypoxic cells localized
beyond a critical distance from the focus of insult, favoring regeneration and restoration of
physiological functioning of the organ. ∆, represents ∆ pO2 in response to reoxygenation. ∆
pO2: i>ii>iii>iv. While a large ∆ pO2 causes ROS mediate injury in reoxygenated region i,
perceived hyperoxia supports remodeling in regions ii and iii.

Figure 2. Elevated oxygen sensitive signaling in adult primary cardiac fibroblasts. ROS
generation is enhanced followed by growthinhibition and differentiation. TGF 1 and
downstream p38MAPK is activated. Cell cycle checkpoints known to be associated with
differentiation eg p21, cyclins and Fra2 are upregulated. Broken lines represent effects
where intermediary steps are expected. Grey solid lines represent association with
differentiation phenotype.

Figure 3. Although normalization is somewhat adhoc, there are two basic ideas that are
relevant to all microarray normalization. First, the normalization method must be tailored to
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the microarray platform (12, 117, 130, 131, 169). Normalization of cDNA arrays is quite
different from normalization of Affymetrix arrays, both in the sources of variation to be
removed and the algorithms. Second, linear normalization methods often miss obscuring
variation that can be removed, so nonlinear methods should be used (12, 86, 169).

Differential expression, multiple comparisons and false discovery rate
Identifying genes that are differentially expressed under two or more treatment conditions is a
primary goal of most microarray studies. The two main issues in assessing differential
expression are determining a method for assessing the extent of differential expression (e.g.,
fold change, ttest, ANOVA), and adjusting the method for the effects of multiple comparisons,
since typically there are thousands of genes being studied. The first issue is relatively
straightforward, in the sense that it falls under the auspices of “classical” statistical methods
that have been studied and taught for many years. One important point is the weakness of
relying on fold change as the sole criterion, since fold change does not take into account the
variability in the data. This can lead to two problems. First, genes with low expression levels
and high variability may be identified as differentially expressed. Second, genes that display
small but reproducible (i.e., low variability) changes in gene expression may be missed.
There have been some efforts to incorporate variability in methods that rely on fold change
(86), but these still suffer from the latter of the two problems noted above.

The issue of multiple comparisons is more complex. Ideally the probability of a false positive
(a gene incorrectly identified as differentially expressed) should be small, and the probability
of correctly identifying genes that are differentially expressed should be large. Standard
statistical methods are set up to balance these goals in the context of only one comparison,
i.e., if the microarray contained only one gene. Without adjustment, standard statistical
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methods give incorrect results in the context of microarray data. For example, consider a
microarray study with m genes, and suppose none are differentially expressed. For various
values of m, the probability that a standard statistical tool set to reject the null hypothesis if a
pvalue is less than 0.05 will yield at least one false positive are given in Table 1. Since most
microarrays contain thousands of genes, standard statistical methods are clearly
unacceptable.

The Bonferroni method is a simple method to correct for multiple testing that is still widely
used in microarray data analysis. This method just divides the pvalue cutoff by the number of
genes m. For example, if the probability of at least one false positive is to be limited to 0.01,
and there are m=5000 genes on the array, the Bonferroni method would identify a gene as
differentially expressed if its pvalue were less than 0.01/5000 = 0.000002. Although this
method is quite generally applicable, it is usually not a good choice for microarray studies,
because it has very low power, i.e., the probability of correctly identifying differentially
expressed genes is very small, so many potentially interesting genes may be missed. See
Multiple Testing Adjustment

Number of significant genes
pvalue of Cappa2 gene

None

Bonferroni

FDR

601

23

75

0.000014

0.171

0.002

Table 1 for an illustration of the weakness of the Bonferroni method of adjustment. For this
and other reasons, different criteria than the probability of at least one false positive have
been advocated. The most promising of these is the False Discovery Rate (FDR) (9). FDR is
the expected proportion of false positives among all rejected hypotheses. Instead of trying to
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avoid any false positives, the FDR controls the proportion of positive calls that are false
positives. Designing procedures to control the FDR is challenging. The original technique of
Benjamini and Hochberg, to control the FDR at level α, works as follows. First, compute p
values for each of the m genes, and order the pvalues from smallest to largest. Second, plot
the ordered pvalues versus their rank along with the line with slope α/m and intercept zero.
Next, find the last pvalue, say p*, that lies below the line, and reject the hypotheses
corresponding to all pvalues less than or equal to p*. In Figure 4, the hypotheses
corresponding to the three smallest pvalues would be rejected. The BenjaminiHochberg
procedure has been shown to control the FDR under certain assumptions on the dependence
structure of the genes’ expression levels (8, 9). The procedure is in wide use, and is
recommended by many journals (31).
Multiple Testing Adjustment

Number of significant genes
pvalue of Cappa2 gene

None

Bonferroni

FDR

601

23

75

0.000014

0.171

0.002

Table 1 contains some comparisons of the unadjusted pvalues, Bonferroniadjusted pvalues,
and BenjaminiHochberg adjusted pvalues for data from six Affymetrix mouse arrays.
Unfortunately there are many microarray studies not covered by the assumptions underlying
the BenjaminiHochberg algorithm, so there is much work in the statistical community aimed
at developing a method of controlling the FDR that is more generally applicable than the
original BenjaminiHochberg method. A promising method, which relies on the bootstrap
technique, has been recently analyzed (111, 155, 156). However, this method achieves the
FDR asymptotically, so is not suitable for studies involving small numbers (e.g. 5) of arrays.
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Determining sample size needed to control FDR
In planning an experiment there are two major decisions to make about microarrays: the total
number that should be used and the proportion that will be used for biological versus
technical replication. The first decision is typically based on budget and the second on the
reliability of the microarrays being used. The real question is whether a planned experiment
has a realistic chance of detecting and identifying important biological processes. Recently a
decision theoretic procedure was introduced (100), where a typical loss function is a weighted
sum of the FDR and its counterpart false negative rate (FNR).

The idea is to plot the

expected loss versus sample size, and judge if a desired value can be achieved with a
realistic sample size. The expected loss is estimated through simulating expression data and
recording the behavior of the BenjaminiHochberg method.

Clustering genes and/or subjects
The common way of presenting gene expression data is via a heat map. This is an array
where, typically, genes index the rows, and chips index the columns. Chips may represent
either different subjects or the same subject under different conditions. The array itself is
color coded to display the, usually normalized, level of expression. The variation of colors
along any row is called the expression pattern of the associated gene. If the genes in the
array are arbitrarily ordered, it is difficult to perceive patterns in the heat map. For the subset
of 67 genes most likely to be differentially expressed under 10% and 21% oxygen, Figure 5a
illustrates an unclustered heat map that gives little visual information. The simplest remedy is
to sort the genes in such a way that two genes with similar expression patterns are close
together. Hierarchical procedures begin by putting each individual into its own group,
combining the two closest, the next two closest, and so on. This requires a measure of
25
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closeness between groups of individuals. Such measures are constructed by specifying a
metric between individuals and a procedure of using this metric to induce a distance between
two groups. For example, the Manhattan distance between two genes is the sum of absolute
values of the difference in expression on each microarray. The complete linkage method of
induction defines the distance between two groups as the largest metric distance between
two individuals, one from each group. Different metrics and procedures may produce different
blocks of patterns. For the 67 likely differentially expressed genes, the choice of Manhattan
distance and complete linkage produces Figure 5b. Many authors (17, 22, 55, 88, 151) have
reviewed the effectiveness of standard clustering algorithms in identifying clear patterns. A
recently proposed method, called HOPACH (Hierarchical Ordered Partitioning And
Collapsing Hybrid) alternates the “top down” method of partitioning with the “bottom up”
method of agglomeration to produce clusters that are reliably reproduced when subjects are
resampled or experiments are replicated. The ultimate criterion for clustering is whether or
not clustered genes tend to act in conjunction with each other. For example, it is difficult to
interpret some of the groupings in Figure 5b. As an alternative to searching through dozens
of possible clustering combinations, a new approach is to append additional information to
the expression matrix before attempting to cluster genes. The additional information may be
an important aspect of the expression matrix, for example the difference in mean expression
between low and high oxygenation experiments, or external information such as gene
functioning categories. This method of appending onto expression matrices may afford a
stronger aid to identifying relevant gene families and/or pathways, or may just simplify the
heatmap. Figure 5c gives the simplified pattern when the difference in mean expression
under high oxygenation is appended to the expression matrix before clustering. Although
appending genes with functional categories may yield functionally interpretable groupings, it
does not help all that much in identifying different pathways since, for example, all active
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transcription factors tend to be clustered together even if they are operating in disjoint
networks. Moreover, a single gene may be a functional part of more than one network or
pathway, but traditional clustering methods allow a gene to be included in only one cluster.
Plaid models (84) are an attempt to handle multiple group membership of genes. Regularized
coloring patterns are imposed in layers, which ideally represent independent networks. Each
layer is color coded with intensity of that color being proportional to the expression level
attributable to activity in that layer. When the layers are overlaid, the result is a plaid pattern.
To be successful, the method requires a precision and uniformity of variance in the
microarray data that has not yet been achieved, but the method may be valuable as another
tool in inferring pathways. A promising area of research is to guide the choice of layers using
partial information about pathways.

Functional characterization of genes and their organization into pathway networks
Detecting and clustering differentially expressed genes, as described above, are just the first
steps toward learning about gene function and genetic networks. There are many situations
when limited gene expression data is available, but existing gene networks or functional
classes of genes are known. In this case, one can try to relate newly acquired gene
expression level data to known functional and partial pathway information. Important sources
of information are the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) databases. The GO project (3) is a collaborative effort to address the need for
consistent descriptions of gene products in different databases. GO produces a controlled
vocabulary that can be applied to all organisms even as knowledge of gene and protein roles
in cells is accumulating and changing. GO provides three structured networks of defined
terms to describe gene product attributes. The three organizing principles of GO are
molecular function, biological process and cellular component. A gene product has one or
27
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more molecular functions and is used in one or more biological processes; it might be
associated with one or more cellular components. KEGG (71, 72) is a suite of databases and
associated software, integrating current knowledge on molecular interaction networks in
biological processes (the PATHWAY database), on the universe of genes and proteins (the
GENES/SSDB/KO databases), and on the universe of chemical compounds and reactions
(the COMPOUND/GLYCAN/REACTION databases). Several methodologies have been
proposed for constructing gene networks based on gene expression data, such as the
Boolean networks (1) or differential equation models (32). Another way of addressing this
question is the Bayesian networks framework (49, 62), where the expression level of each
gene is treated as a random variable and each regulatory interaction as a probabilistic
dependency between such variables. Bayesian networks are graphbased models of joint
multivariate probability distributions that capture properties of conditional independence
between variables. Such models are attractive for their ability to describe complex stochastic
processes and provide a tool for learning from noisy observations. In addition, bootstrap
methods can be used for estimating confidence in the learned structures (38). The main idea
is to sample with replacement, observations from the given data set and learn for them. In
this way many networks are generated, all of which are reasonable models, reflecting the
effect of small perturbations in data, on the learning process (49). However, because of
limited expression data typically available for any particular system in a given state, network
reconstruction processes typically result in the identification of multiple networks that explain
data equally well. In most cases causal relationships cannot be reliably inferred from gene
expression data alone, since for any particular network changing the direction of the edge
between two nodes has little effect on the model fit. To reliably infer causal relationships,
additional information is required. Biological knowledge (66), including proteinprotein and
proteinDNA interactions (65), binding site sequences and transcription factors (85) is needed.
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More recently, pathway reconstruction associated with complex disease traits was obtained
by integrating genotype, transcription and clinical trait data (174). In this approach, gene
expression data was treated as quantitative trait loci (QTL). Patterns of colocalization
between disease trait QTL and gene expression QTL are indicative for causal inference.

There are several network/pathway reconstruction and analysis software packages. One
example is GNA (Genetic Network Analyzer) which is a computer tool for the modeling and
simulation of genetic regulatory networks. The aim of GNA is to assist biologists and
bioinformaticians in constructing a model of a regulatory network using knowledge about
regulatory interactions in combination with gene expression data. Another software tool is
GenMAPP (Gene MicroArray Pathway Profiler), a free computer application designed to
visualize gene expression data on maps representing biological pathways and groups of
genes. Another useful software tool is Cytoscape, an open source software project for
integrating biomolecular interaction networks with highthroughput expression data and other
molecular states into a unified conceptual framework. Although applicable to any system of
molecular components and interactions, Cytoscape is most powerful when used in
conjunction with large databases of proteinprotein, proteinDNA, and genetic interactions that
are increasingly available for humans and model organisms.

As an illustration of some of the above ideas, the following approach is used below: First
identify genes that are differentially expressed and then use either Fisher’s exact test (82) or
zscores (65) to estimate significance for known gene networks or functional classes of genes
defined by KEGG pathways or GO terms. This procedure was applied on the cardiac
fibroblast microarray data from our laboratory investigating oxygensensitive genes (125).
The 12,488 probes were normalized as in MAS5 and the 5389 genes present in all samples
29

POSTREOXYGENATION MYOCARDIAL HEALING

in either 3% or 20% O2 group were selected for further analysis. The tstatistic was used as a
measure of differentiation between groups and pvalues from the tdistribution are computed.
After controlling the FDR at a 15% level, 129 genes showed significant change between the
3% and 20% O2 groups. These genes were separated into groups based on known pathways
(KEGG) or functional classes of GO terms (for “biological process”, “cellular component” and
“molecular function”). The significant KEGG pathways or GO terms detected by this method
are presented in Tables 35. An alternative goal is expanding an existing pathway related to
growth inhibition and fibroblast differentiation shown to be induced by perceived hyperoxia as
performed by Roy et al. (125) (Fig. 6). The expression of candidate genes shown in red
ellipse with blue outline have been independently verified using either realtime PCR or
ribonuclease protection assay (125). For three of them, CDKN1A, Tob1 and Wig1, TP53 is a
hypothetical activator. We sought to identify other candidate activator/inhibitor genes capable
of explaining, better than TP53 does, the variance in expression levels of these genes. Linear
regression models for each of these genes are fit to generate hypothesis on candidate
activators/inhibitors of these three genes. For any given gene G, ANOVA may be used to
compare the linear models (1) G ~ a + b*TP53 with (2) G ~ a + b*TP53 + c*C, where C is a
gene differentially expressed under the two treatment conditions. Genes showing a significant
improvement

in

model

(2)

when

compared

with

(1)

represent

candidates

for

activation/inhibition of gene G. Table 4 lists these candidates for CDKN1A, Tob1 and Wig1
genes.
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TABLES

Multiple Testing Adjustment

Number of significant genes
pvalue of Cappa2 gene

None

Bonferroni

FDR

601

23

75

0.000014

0.171

0.002

Table 1. The chosen multiple testing adjustment has a profound effect on the conclusions. In
this example a linear model (145) was fit to the microarray data from Roy et al. (125), after
filtering out all genes that were not present either in all 3% or all 20% samples, and the p
value for the null hypothesis of no differential expression was computed using no adjustment,
a Bonferroni adjustment, and the FDRcontrolling technique of (9). The first row gives the
number of genes that were declared significant at level a = 0.01. The second row gives the p
value of the Cappa1 gene. All computations were done using the Bioconductor R software
(53, 118).
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m
1
10
50
100

Probability of at least one false positive
0.05
0.40
0.92
0.994

Table 2. Illustrating the need to adjust pvalues for multiple comparisons: The probability of at

Aldh1a1
Aldoa
Pgam1
Pfkl
Pgk1
Ldh1
Tpi1

carbon fixation

carbohydrate
metabolism

glycolysis,
gluconeogenesis

least one false positive increases rapidly as the number m of hypotheses increases.

+







+












Table 3. KEGG pathways overrepresented by genes showing significant change between
cardiac fibroblasts exposed to 3% or 20% O2. +/ indicates up/down regulation in 20% versus
3% O2 groups.

54

Aldoa
Pgam1
Pfkl
Pgk1
Ldh1
Gys1
Tpi1
Ldlr
Pgm2
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Table 4. Biological processes overrepresented by genes showing significant change

between 3% and 20% O2 groups. +/ indicates up/down regulation in 20% vs 3% O2 groups.
carbohydrate metabolism

alcohol metabolism

monosaccharide metabolism

hexose metabolism

main pathways of
carbohydrate metabolism

energy pathways

glucose metabolism

energy derivation by oxidation
of organic compounds

carbohydrate catabolism

hexose catabolism

monosaccharide catabolism

alcohol catabolism

glucose catabolism

glycolysis

Aldh1a1
Pcna
Tap1
Enpp1
Pgm2
Aldoa
Pgam1
Ptp4a3
Igtp
NA
Pfkl
Cp
H19
Sgrp23
Pgk1
Ptp4a1
NA
Nars
Egln1
Ldh1
Ndrg2
Hp
Mdm2
Gys1
Mmp3
P4ha2
Tpi1















catalytic activity

oxidoreductase activity

intramolecular transferase
activity

intramolecular transferase
activity, phosphotransferases
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+

+




+





+

+
+
+




+





Table 5. Molecular functions overrepresented by genes showing significant change between
cardiac fibroblasts grown under 3% or 20% O2 ambience. +/ indicates up/down regulation in
20% versus 3% O2 groups.
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target Gene
CDKN1A
Tob1
Wig1

candidate activator(+)/inhibitor() genes
Gpi1(), Hig1(), Cd81(+), Anxa11(+), Wdr26(+), Bgn(), Psma3(+), Dnajc5(),
Capza1(+), Hbxip(+),3300001H21Rik(), 1500034E06Rik(), 4932431F02Rik(+)
Prnp(+), Tpt1(), Mapk6(+), Slc7a5(+), Eps15(+), Serpina3n(), Hdac5(),
1200013P24Rik(+), Msn(+), Pgk1(), 2010008E23Rik(), D10627(), Egln1(),
Rbm3(+), Atp6v1d(+), Mdm2(+), Gnb2rs1()
Ddt(+), Kif4(+), Dnajc7(+), D1Ucla4(+), Gpaa1(+), Pfn2(+), Taf9(+),
2310065K24Rik(+), Crsp3(+), Sat1(+), 2010100O12Rik(+), Mcfd2(+), Phlda3(+),
D5Ertd606e(+), Sept7(+), 0610007P06Rik(), Sars1(+)

Table 6. Candidate activator (+) / inhibitor () genes for CDKN1A, Tob1 and Wig1. Each
candidate together with TP53, are capable of explaining better the variance of the target gene
than TP53 alone does. The proportion of the variance of the target gene that can be
explained by TP53 and each of the candidates is R2=99%.
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Figure 1. Cellular responses to reoxygenation following chronic hypoxia. Chronic
hypoxia results in cellular adjustments such that reoxygenation causes hyperoxic insult as
evident in part in the form of oxidative damage in numerous studies. ischemic, diagram of
ischemic tissue, with focus of insult represented by the blue center (region i). Focal ischemia
is known to be associated with graded oxygenation from nearzero status at focus to levels
increasing with distance from focus. The concentric circles represents regions (iiv) of the
tissue with increasing graded distance from the focus of insult (blue); reperfused, diagram of
the reperfused tissue with corrected pO2 state represented by change of color from a shade
of blue (hypoxic) to red. Important elements triggered by oxygen, during the course of
reoxygenationassociated remodeling include: in region i cell death or fatal oxidative injury at
the focal point of insult, making room for regenerating tissues; in region ii nonfatal cellular
stress, triggering reparative responses; in region iii survival of phenotypically altered cells
that favor remodeling (physiological or pathological / fibrogenic). Fibrosis denies room to
regenerating healthy cells; and in region iv correction of pO2 of mildly hypoxic cells localized
beyond a critical distance from the focus of insult, favoring regeneration and restoration of
physiological functioning of the organ. ∆, represents ∆ pO2 in response to reoxygenation. ∆
pO2: i>ii>iii>iv. While a large ∆ pO2 causes ROS mediate injury in reoxygenated region i,
perceived hyperoxia supports remodeling in regions ii and iii.

Figure 2. Elevated oxygen sensitive signaling in adult primary cardiac fibroblasts. ROS
generation is enhanced followed by growthinhibition and differentiation. TGFb1 and
downstream p38MAPK is activated. Cell cycle checkpoints known to be associated with
differentiation eg p21, cyclins and Fra2 are upregulated. Broken lines represent effects
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where intermediary steps are expected. Grey solid lines represent association with
differentiation phenotype.

Figure 3: The effect of normalization on microarray data. On the left are boxplots of un
normalized expression measures for the arrays. On the right are boxplots of the normalized
expression measures for the same arrays. The data are from Roy et al. (125) The three
boxplots on the left of each panel are from cells at 20% O2; the three boxplots on the right of
each panel are from cells at 3% O2. The quantile normalization algorithm of (12),
implemented in the Bioconductor R (53, 118) software package, was used.

Figure 4. An illustration of the BenjaminiHochberg algorithm for controlling FDR.
Since the third (ordered) pvalue is the last to fall below the line, the BenjaminiHochberg
algorithm rejects the hypotheses corresponding to the three smallest pvalues.

Figure 5. Heatmaps for 67 genes differentially expressed in cardiac fibroblasts under
10% and 21% oxygen conditions. a. unclustered genes and subjects; b. clustering using
Manhattan metric and complete linkage; c. clustering using differences in mean expression
for each group.

Figure 6: Pathway construction based on GeneChipTM expression data investigating
oxygensensitive genes in adult primary cardiac fibroblasts. To obtain insights on
perceived hyperoxia induced changes in cell growth and differentiation on a pathway sense
the results of GeneChipä analysis were mapped onto known pathways associated with cell
cycle/death and cytoskeletal changes. GenMAPP, KEGG and gene ontology (GO) were used
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to create the pathways. Genes shown in red ellipse are candidates identified using
GeneChipä assay that were upregulated in 20%O2 compared to 3%O2. Green ellipses are
genes that were downregulated under conditions mentioned above. The expressions of
candidates shown in red ellipse with blue outline have been independently verified using
either realtime PCR or ribonuclease protection assay (6). APAF, apoptotic protease
activating factor; Bmp, bone morphogenetic protein; BAX, Bcl2associated X protein; BID,
BH3 interacting domain death agonist; Catn, catenin; Cappa, capping protein alpha; CASP,
caspage; ccng, cyclin G; Cdc61, cell division cycle; CDK, cyclindependent kinase; CDKN1A,
cyclindependent kinase inhibitor 1A (p21); Clu, clusterin; Cx43, gap junction membrane
channel protein; GADD, growth arrest and DNAdamageinducible; IQGAP1, IQ motif
containing GTPase activating protein 1; Inhba, inhibin betaA; Klf, Kruppellike factor 4 (gut);
Lsp1, lymphocyte specific 1; MAPK, mitogen activated protein kinase; Mdm2, transformed
mouse 3T3 cell double minute 2; NCdh, cadherin 2; Pfn, profilin 2; PXN, paxillin; TGF,
transforming growth factor; Tob, transducer of ErbB2.1; TP53, transformation related protein
53; Vcl, vinculin; Wig, wildtype p53induced gene 1. Reprinted with permission from Roy et
al. J. Biol. Chem. 2003.
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Figure 1
Sen et. al.
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Figure 2
Sen et. al.
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Figure 3
Sen et. al.
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Figure 4
Sen et. al.
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Figure 5
Sen et. al.
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Figure 6
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