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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 set-point such that reoxygenation-dependent relative elevation of pO2

(+DpO2) results in perceived hyperoxia. Perceived hyperoxia induces differentiation of cardiac fibroblasts to myofibroblasts in the peri-

infarct region and represents a significant factor supporting myocardial healing. The oxygen-sensitive signaling pathways involved have been

characterized and point towards a central role of p21, TGFh and p38MAPK. That low oxygen ambience serves as a cue to trigger

angiogenesis is a well-accepted 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 a built-in component

of tissue remodeling in the peri-infarct region induced by perceived hyperoxia. Understanding of the underlying mechanisms of this and other

myocardial healing responses should prove to be instrumental in developing productive therapeutic approaches to mend the infarcted heart.

D 2006 European Society of Cardiology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Current treatment of myocardial infarction is directed to

restore blood flow to the ischemic region by thrombolysis,

coronary artery bypass surgery or percutaneous trans-

luminal coronary angioplasty. Depending on the degree of

success of the therapeutic intervention, the area at risk

remains either hypoxic or is fully salvaged. When the area

at risk remains hypoxic, the myocardial tissue loses its

contractile function and becomes necrotic leading to the

initiation of a wound-healing process [1]. This situation is

experimentally modeled using the permanent ligation of
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coronary artery approach [2]. In contrast, when blood flow

through the myocardium is re-established in time, hiber-

nating myocardial tissue may regain its function but may

also experience additional damage due to the reperfusion

process itself. 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 re-establishment of the vascular canal of the artery.

Reperfusion therapy is often used in an attempt to salvage

the ischemic tissues. Other conditions involving reperfu-

sion include cardiac surgery when the heart is arrested with

cardioplegia to facilitate surgical intervention and is

subsequently reoxygenated after removal of the aortic

cross-clamp. Acute hypoxia, followed by abrupt reoxyge-

nation using say cardiopulmonary bypass, results in an

unintended injury mediated by oxygen free radicals [3].
71 (2006) 280 – 288
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Fig. 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 near-zero status at focus to

levels increasing with distance from focus. The concentric circles represent

regions (i– iv) 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
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While reperfusion has been mostly studied in the context

of ‘‘oxygen wastage’’ [4] and related oxidative injury [3], 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 [5], mitosis of

cardiomyocytes [6] to differentiating fibroblasts at the

injury site to myofibroblast [7]. Although such naturally

occurring myocardial reparative process seems to be

relatively inefficient in preventing adverse functional

outcomes, a clear understanding of the underlying princi-

ples 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 oxygen-sensitive genes in the cardiac

fibroblasts in post-reoxygenation myocardial healing.
red. Important elements triggered by oxygen, during the course of

reoxygenation-associated 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 non-fatal cellular stress, triggering reparative responses;

in region iii survival of phenotypically altered cells that favor remodeling

(physiological or pathological/fibrogenic). Fibrosis denies room to regen-

erating 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. D,

represents DpO2 in response to reoxygenation. DpO2: i> ii> iii> iv. While a

large DpO2 causes ROS mediate injury in reoxygenated region i, perceived

hyperoxia supports remodeling in regions ii and iii.
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2. Ischemia–reperfusion and oxygen tension

Under conditions of systemic normoxia, the heart cells

receive a limited supply of O2 not to exceed a maximum of

10% [8–10]. This is consistent with the recent observation

that myocardial pO2 in the working murine heart in vivo is

5% [11]. 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

near-zero 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 [12]. Moderate hypoxia is associated with

a 30–60% decrease (¨1–3% O2) in pO2 [13]. Because

prior studies showed that O2 consumption becomes O2-

limited 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 1–3% O2 would be

unlikely to result from limited oxygenation of mitochondrial

cytochromes [14,15]. 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 [16]. 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 [17].
3. Oxygen and oxygen sensing

Oxygen got its name from ‘‘Principe Oxygene’’, which

means acidifying principle. ‘‘Oxy’’ is 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 ‘‘dephlogisticated air’’ [18] and Carl

Scheele’s [112] ‘‘fire air’’ were soon characterized by

Antoine Lavoisier as pure respirable air [19]. Within

decades of the first realization that oxygen is the element

of life, Brizé-Fradin [20] noted in 1808 that ‘‘vital air’’ or

pure oxygen would soon wear life out instead of maintain-

ing it. That oxygen may be harmful to human health was

first postulated in the late 19th century with Paul Bert’s

work [113] 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
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and Fridovich demonstrated that a metalloenzyme produced

hydrogen peroxide (H2O2) by combining a toxic metabolite

of oxygen known as superoxide (O2
�) with hydrogen

[21,22]. 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 self-regulating 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 (‘‘normoxia’’) due to the risk of oxidative

damage from excess O2 (hyperoxia), and of metabolic

demise from insufficient O2 (hypoxia) [23]. pO2 ranges

from 90 to below 3 Torr in mammalian organs under

normoxic conditions with arterial pO2 of about 100 Torr or

¨14% O2 [24]. 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 patho-

physiological variations in pO2. Whereas acute responses

often entail changes in the activity of pre-existing proteins,

chronic responses invariably involve O2-sensitive changes

in signal transduction and gene expression [25]. Several

current articles have highlighted the key significance of

understanding the fundamentals of O2 sensing [26–36].

Current work in the field of oxygen sensing is almost

exclusively focused on the study of hypoxia. Reoxygena-

tion, on the other hand, has been mostly investigated in the

context of oxidative injury and there is a clear paucity of

data describing the O2-sensitive signal transduction path-

ways under conditions of oxygenation that mildly or

moderately exceed normoxia. During hypoxia in the heart,

cells adjust their normoxic set-point such that the return to

normoxic pO2 after hypoxia is perceived as ‘‘relative

hyperoxia’’ [25,37]. Understanding the molecular

responses to such hyperoxic challenge is important because

they are triggered by tissue reoxygenation in vivo.

Mitochondria represent a major source of reactive oxygen

species [38]. Although the majority of electrons entering

the mitochondrial electron transport chain reduce molecu-

lar oxygen to water, there is evidence for ‘‘leakage’’ of

single electrons to molecular oxygen to form O2
I� via

ubiquinone at the level of complexes I and II. This is

referred to as ‘‘O2 wastage’’ [4,39]. O2 wastage is

minimized by the tight coupling of the components of

the electron transport system. Nevertheless, the density of

mitochondria in cardiac myocytes and the high rate of

oxidative phosphorylation can result in a substantial flux

of O2
I� [4]. ‘‘O2 wastage’’ and oxidative injury [4]

represent important aspects of ischemia–reoxygenation

biology, however, it is important to underscore that

reperfusion/reoxygenation is necessary for the revival of

physiological functioning and long-term survival of ische-

mic tissues.
4. 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 mm Hg 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% [40]. 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 [41]. Consistently,

development of pre-implantation embryos clearly favors 7%

O2 over 20% O2 ambience [42]. Ambient O2 is readily

dissolved in the cell culture medium [43]. Thus, isolating a

primary heart cell from a 5% O2 environment and

maintaining it at 20% O2 room-air 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 [7,11,44]. We

proposed that during mild hypoxia, myocardial cells adjust

their normoxia set-point downward such that reoxygena-

tion-dependent relative elevation of pO2 results in ‘‘per-

ceived 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 O2-sensitive growth inhibition was reversible ruling

out senescence as the primary route of growth arrest.

Previous studies with non-cardiac fibroblasts suggest that

the differentiation of fibroblasts is subject to reversal

[45,46]. Cardiac fibroblasts isolated from 5% O2 in vivo

and grown at a four-fold O2-rich 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 O2-induced 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 supra-

physiological concentration of O2 enhanced vimentin and

smooth muscle actin expression as well as increased

contractility of cells in a collagen matrix. These observa-

tions confirmed that exposure of primary adult cardiac

fibroblasts to elevated O2 triggers differentiation of the cells
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to myofibroblasts. Here, ‘‘elevated O2’’ refers to an

ambience containing higher concentration of O2 than the

levels of O2 to which the cells are adjusted in vivo (Fig. 2).

TGFh1 is a known inducer of cardiac fibroblast

differentiation [47,48]. The morphological/cytoskeletal

characteristics of cardiac fibroblasts observed in response

to elevated O2 matched those of cardiac fibroblast cultured

at 3% O2 but treated with TGFh1. Strikingly, inhibition of

p38MAPK significantly released both TGFh1-induced as

well as elevated O2-induced growth inhibition. These

observations suggested a parallel between TGFh1- and

perceived hyperoxia-induced changes in cellular responses.

Application of the high-density DNA microarray approach

coupled with bioinformatics tools identified O2-sensitive

genes in cardiac fibroblasts and categorized them into

functional groups [7]. Results from unbiased screening for

O2-sensitive genes confirmed the p21–p53 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 cell-cycle proteins [49]. Microscopic visual-

ization 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 promoter-driven luciferase

reporter activity [11]. To test the significance of elevated O2-

induced p21 expression on growth arrest observed under

conditions of room air, experiments were conducted using

cardiac fibroblasts isolated from the heart of p21 knock-out

mice. Strikingly, p21 deficient cells completely escaped

from elevated O2-induced growth arrest. Thus, p21 has been

identified as a key effector of perceived hyperoxia [11].
Fig. 2. ‘‘Elevated oxygen’’-sensitive signaling in adult primary cardiac fibro

differentiation. TGFh1 and downstream p38MAPK is activated. Cell cycle checkp

are up-regulated. Broken lines represent effects where intermediary steps are expe
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 Fra-2. Elevated expressions of these candidates are not

only associated with growth inhibition but also with

differentiation [50–57]. The D-type cyclins consist of

cyclins D1, D2 and D3. Cyclin D1 synthesis is induced

by p21 [58]. Cyclin D2 expression is known to be induced

in multiple states of growth arrest [51]. Cyclin G1 is

involved in G2/M arrest [52]. 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. Fos-related antigen 2 (Fra-2) is a member of the Fos

family of immediate-early genes, most of which are rapidly

induced by second messengers. All members of this family

act by binding to AP-1 sites as heterodimeric complexes

with other proteins. However, each appears to have a

distinct role. Although the role and biology of Fra-2 are less

understood than those of its relatives c-Fos, Fra-1, and

FosB, it is evident that elevated Fra-2 is associated with

cellular differentiation [53,55,57].

Because cellular phenotype induced by perceived hyper-

oxia compared well with TGFh1-induced morphological

changes, the hypothesis that TGFh1 is involved in

conferring O2-sensitive phenotype to cardiac fibroblasts

was proposed. Both total and active TGFh1 were substan-

tially 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

contained significantly higher amounts of active TGFh1
compared to media from cells at 3% O2. In support of the

hypothesis that ROS can trigger the displacement of

latency-associated peptide from TGFh1, it has been

observed that exposure to TGFh1 containing conditioned
blasts. ROS generation is enhanced followed by growth-inhibition and

oints known to be associated with differentiation e.g. p21, cyclins and Fra-2

cted. Grey solid lines represent association with differentiation phenotype.
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increased the levels of active TGFh1. It is plausible that

ROS generated by cells at elevated O2 activate TGFh1 [11].

p38MAPK represents a major down-stream mediator of

TGFh signaling [59–68]. Using in-gel 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 O2-induced growth

inhibition via inducible p21 expression (Fig. 2).
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5. Cardiac fibroblasts: key players in myocardial repair

In excess of 90% of the myocardium’s interstitial cells

are fibroblasts [69], which actively cross-talk with myo-

cytes [70] to determine the quantity and quality of

extracellular matrix [69,71,72]. Compared to myocytes,

cardiac fibroblasts are relatively more resistant to oxidant

insult [73]. Under certain pathological conditions such as

aortic regurgitation, cardiac fibroblasts produce abnormal

proportions of non-collagen extracellular matrix, specifical-

ly fibronectin, with relatively little change in collagen

synthesis [74]. A characteristic feature of cardiac fibroblasts

is their ability to differentiate forming myofibroblasts.

Specific factors that facilitate this differentiation process

have been identified [75]. Under inducible conditions,

cardiac fibroblasts acquire contractile properties by irre-

versible acquisition of contractile proteins such as smooth

muscle a-actin. The expression of smooth muscle a-actin is

regulated by TGFh1 [76]. Perceived hyperoxia triggers the

differentiation of cardiac fibroblasts to myofibroblasts by

oxygen-dependent mechanisms in which TGFh1 plays a

central role [11]. Reactive oxygen species modulate

extracellular matrix remodeling by mediating cardiac

fibroblast function and also by stimulating collagen

turnover via activation of matrix metalloproteinases,

enzymes critical for extracellular matrix remodeling [77].

Reactive oxygen species also stimulate the release and

activation of cytokines such as TGFh1 [11]. Recently, it has

been demonstrated that the NADPH oxidase Nox 4 mediates

TGFh1-induced conversion of fibroblasts to myofibroblasts

by regulating Smad 2/3 activation [78]. Antioxidants inhibit

the differentiation of cardiac fibroblasts to myofibroblasts

further supporting the significance of reactive oxygen

species as inducers of cardiac fibroblast differentiation to

myofibroblasts [79].

Cardiac fibroblasts, transfected to express the voltage-

sensitive potassium channel Kv1.3, electrically couple with

cardiac myocytes to contribute to the tissue’s electrophys-

iological properties responsible for maintaining cardiac

rhythm [80]. The CMG cardiomyogenic cell line, which
serves as precursor of a mixture of fibroblasts and

spontaneously beating cardiomyocyte-like cells, generates

myocytes with sustained functionality for transplantation

purposes [81]. In addition to the well-recognized co-

operation with myocytes, cardiac fibroblasts are known to

interact with endothelial cells to support angiogenesis in the

heart [82]. Fibroblasts actively regulate interstitial fluid

pressure in loose connective tissue by maintaining tension

on the collagen network [83,84]. 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 [85]. Cardiac fibroblasts are

now viewed as a therapeutic target in heart disease [86].

It has been classically acknowledged that the mammalian

heart has a very limited regenerative capacity and, hence,

heals by scar formation [87], 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 [71,88–100]. 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 stress-tolerant network that facilitates the distribu-

tion 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. [101].

During the last two decades, the pursuit for unraveling the

science of myocardial healing has developed asymmetrical-

ly with a vast majority of the studies focusing on

cardiomyocytes with little or no recognition of the

significance of the populous fibroblasts [102]. Addressing

this oversight may hold the key to more conclusive clinical

outcomes than generated from current efforts [103,104].

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

[105]. Human mesenchymal stem cells can be differentiated

in vitro into a mixture of fibroblast and cardiomyocyte-like

cells which are potentially valuable for repairing the injured

myocardium [106].

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 [102]. Stimulation of fibroblast prolifer-

ation may contribute to fibrosis of the heart [107]. However,

cell-cycle arrest followed by differentiation to myofibroblast

may support wound contraction. The first evidence for

perceived hyperoxia in vivo came from a survival surgery

model involving ischemia–reoxygenation of the rat heart
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[7]. Examination of the post-reoxygenation tissue revealed

induction of p21 accompanied by differentiation of cardiac

fibroblasts to myofibroblasts in the peri-infarct region

(regions ii and iii, Fig. 1). Reoxygenation represents only

one of numerous factors that are associated with reperfu-

sion. Direct evidence supporting that inducible p21

expression in the heart in vivo is indeed sensitive to

+DpO2 came from studies demonstrating that the gene can

be induced in the heart in vivo simply by transiently

exposing mice to an oxygen-rich ambience [7]. p21

supports remodeling of tissues injured by oxygenation

[108]. Other responses to perceived hyperoxia include

TGFh activation and differentiation of fibroblasts to

myofibroblasts [11]. Both of these processes have been

identified in the myocardial tissue recovering from

reoxygenation injury [109,110]. Current studies identify

TGFh as an important mediator of post-reperfusion healing

[111], consistent with the proposed role of perceived

hyperoxia in facilitating tissue remodeling. The contribu-

tion of cardiac fibrosis as an independent risk factor in the

outcome of heart failure has been evaluated [86].

Candidate drug therapies that derive benefit from actions

on cardiac fibroblasts include inhibitors of angiotensin–

aldosterone systems, endothelin receptor antagonists, sta-

tins, anticytokine therapies, matrix metalloproteinase inhib-

itors, and novel antifibrotic/anti-inflammatory agents [86].

These findings point the way to future challenges in

cardiac fibroblast biology and pharmacotherapy.

That low oxygen ambience serves as a cue to trigger

angiogenesis is a well-accepted 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 in-built component

of tissue remodeling in the peri-infarct region induced by

perceived hyperoxia. Like other reparative responses, this

mechanism is also clearly inadequate to heal the heart in

the case of injuries with overt 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.
n 11 D
ecem

ber 
Acknowledgment

This work is supported by NIH NHLBI RO1 073087.
2020
References

[1] Cleutjens JP, Blankesteijn WM, Daemen MJ, Smits JF. The infarcted

myocardium: simply dead tissue, or a lively target for therapeutic

interventions. Cardiovasc Res 1999;44:232–41.

[2] Stanton LW, Garrard LJ, Damm D, Garrick BL, Lam A, Kapoun AM,

et al. Altered patterns of gene expression in response to myocardial

infarction. Circ Res 2000;86:939–45.
[3] Ambrosio G, Tritto I. Reperfusion injury: experimental evidence and

clinical implications. Am Heart J 1999;138:S69–75.

[4] Sawyer DB, Colucci WS. Mitochondrial oxidative stress in heart

failure: ‘‘oxygen wastage’’ revisited. Circ Res 2000;86:119–20.

[5] Penn MS, Zhang M, Deglurkar I, Topol EJ. Role of stem cell homing

in myocardial regeneration. Int J Cardiol 2004;95(Suppl. 1):23–5.

[6] Beltrami AP, Urbanek K, Kajstura J, Yan SM, Finato N, Bussani R,

et al. Evidence that human cardiac myocytes divide after myocardial

infarction. N Engl J Med 2001;344:1750–7.

[7] Roy S, Khanna S, Wallace WA, Lappalainen J, Rink C, Cardounel

AJ, et al. Characterization of perceived hyperoxia in isolated primary

cardiac fibroblasts and in the reoxygenated heart. J Biol Chem

2003;278:47129–35.

[8] Winegrad S, Henrion D, Rappaport L, Samuel JL. Self-protection by

cardiac myocytes against hypoxia and hyperoxia. Circ Res 1999;

85:690–8.

[9] Gonschior P, Gonschior GM, Conzen PF, Hobbhahn J, Goetz AE,

Peter K, et al. Myocardial oxygenation and transmural lactate

metabolism during experimental acute coronary stenosis in pigs.

Basic Res Cardiol 1992;87:27–37.

[10] Whalen WJ. Intracellular PO2 in heart and skeletal muscle.

Physiologist 1971;14:69–82.

[11] Roy S, Khanna S, Bickerstaff AA, Subramanian SV, Atalay M, Bierl

M, et al. Oxygen sensing by primary cardiac fibroblasts: a key role of

p21(Waf1/Cip1/Sdi1). Circ Res 2003;92:264–71.

[12] Rumsey WL, Pawlowski M, Lejavardi N, Wilson DF. Oxygen

pressure distribution in the heart in vivo and evaluation of the

ischemic ‘‘border zone’’. Am J Physiol 1994;266:H1676–80.

[13] Siaghy EM, Devaux Y, Sfaksi N, Carteaux JP, Ungureanu-

Longrois D, Zannad F. Consequences of inspired oxygen fraction

manipulation on myocardial oxygen pressure, adenosine and lactate

concentrations: a combined myocardial microdialysis and sensi-

tive oxygen electrode study in pigs. J Mol Cell Cardiol 2000;32:

493–504.

[14] Wittenberg BA, Wittenberg JB. Oxygen pressure gradients in

isolated cardiac myocytes. J Biol Chem 1985;260:6548–54.

[15] Kreutzer U, Jue T. Critical intracellular O2 in myocardium as

determined by 1H nuclear magnetic resonance signal of myoglobin.

Am J Physiol 1995;268:H1675–81.

[16] Budinger GR, Duranteau J, Chandel NS, Schumacker PT. Hiberna-

tion during hypoxia in cardiomyocytes. Role of mitochondria as the

O2 sensor. J Biol Chem 1998;273:3320–6.

[17] Silverman HS, Wei S, Haigney MC, Ocampo CJ, Stern MD.

Myocyte adaptation to chronic hypoxia and development of tolerance

to subsequent acute severe hypoxia. Circ Res 1997;80:699–707.

[18] Priestly J. Experiments and observations on different kinds of air.

London’ J. Johnson in St. Paul’s Church-yard; 1775.

[19] Lavoisier A. Memoir on the combustion of candles in atmospheric air

and in respirable air. In: Sciences FAd, ed. Paris; 1777.

[20] Brize-Fradin. La chimie pneumatique appliquee aux travaux sous

l’eau. Paris; 1808.

[21] McCord JM, Fridovich I. Superoxide dismutase. An enzymic

function for erythrocuprein (hemocuprein). J Biol Chem 1969;244:

6049–55.

[22] McCord JM, Fridovich I. The utility of superoxide dismutase in

studying free radical reactions: I. Radicals generated by the

interaction of sulfite, dimethyl sulfoxide, and oxygen. J Biol Chem

1969;244:6056–63.

[23] Semenza GL. HIF-1, O(2), and the 3 PHDs: how animal cells signal

hypoxia to the nucleus. Cell 2001;107:1–3.

[24] Porwol T, Ehleben W, Brand V, Acker H. Tissue oxygen

sensor function of NADPH oxidase isoforms, an unusual cyto-

chrome aa3 and reactive oxygen species. Respir Physiol 2001;

128:331–48.

[25] Elsasser A, Schlepper M, Klovekorn WP, Cai WJ, Zimmermann R,

Muller KD, et al. Hibernating myocardium: an incomplete adaptation

to ischemia. Circulation 1997;96:2920–31.



C.K. Sen et al. / Cardiovascular Research 71 (2006) 280–288286

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/71/2/280/276918 by O

hio State U
niversity - O

AR
D

C
 user on 11 D

ecem
ber 2020
[26] Elphic RC, Hirahara M, Terasawa T, Mukai T, Zhu H. Signal

transduction. How do cells sense oxygen? Science 2001;291:

1939–41.

[27] Kondo K, Yang H, Kim W, Valiando J, Ohh M, Salic A, et al.

Identification and characterization of a low oxygen response element

involved in the hypoxic induction of a family of Saccharomyces

cerevisiae genes. Implications for the conservation of oxygen sensing

in eukaryotes. Science 2001;292:464–8.

[28] Lundgren P, Chen YB, Kupper H, Kolber Z, Bergman B, Falkowski

P, et al. Transcription. Oxygen sensing gets a second wind. Science

2001;294:1534–7.

[29] O’Farrell PH, Semenza GL. Perspectives on oxygen sensing. Cell

1999;98:105–14.

[30] Semenza GL. Perspectives on oxygen sensing. Cell 1999;98:281–4.

[31] Zhu H, Bunn HF. How do cells sense oxygen? Science 2001;

292:449–51.

[32] Jaakkola P. Targeting of HIF-alpha to the von Hippel–Lindau

ubiquitylation complex by O2-regulated prolyl hydroxylation.

Science 2001;292:468–72.

[33] Ivan M, Kondo K, Yang H, Kim W, Valiando J, Ohh M, et al.

HIFalpha targeted for VHL-mediated destruction by proline hydrox-

ylation: implications for O2 sensing. Science 2001;292:464–8.

[34] Bruick RK, McKnight SL. A conserved family of prolyl-4-

hydroxylases that modify HIF. Science 2001;294:1337–40.

[35] Epstein AC, Gleadle JM, McNeill LA, Hewitson KS, O’Rourke J,

Mole DR. C. elegans EGL-9 and mammalian homologs define a

family of dioxygenases that regulate HIF by prolyl hydroxylation.

Cell 2001;107:43–54.

[36] Lando D. Asparagine hydroxylation of the HIF transactivation

domain a hypoxic switch. Science 2002;295:858–61.

[37] Novotna J, Bibova J, Hampl V, Deyl Z, Herget J. Hyperoxia and

recovery from hypoxia alter collagen in peripheral pulmonary arteries

similarly. Physiol Res 2001;50:153–63.

[38] Jezek P, Hlavata L. Mitochondria in homeostasis of reactive oxygen

species in cell, tissues, and organism. Int J Biochem Cell Biol

2005;37:2478–503.

[39] Trines SA, Slager CJ, Onderwater TA, Lamers JM, Verdouw PD,

Krams R. Oxygen wastage of stunned myocardium in vivo is due to

an increased oxygen cost of contractility and a decreased myofibrillar

efficiency. Cardiovasc Res 2001;51:122–30.

[40] Sitte N, Huber M, Grune T, Ladhoff A, Doecke WD, Von Zglinicki T,

et al. Proteasome inhibition by lipofuscin/ceroid during postmitotic

aging of fibroblasts. FASEB J 2000;14:1490–8.

[41] Packer L, Fuehr K. Low oxygen concentration extends the lifespan of

cultured human diploid cells. Nature 1977;267:423–5.

[42] Batt PA, Gardner DK, Cameron AW. Oxygen concentration and

protein source affect the development of preimplantation goat

embryos in vitro. Reprod Fertil Dev 1991;3:601–7.

[43] Mamchaoui K, Saumon G. A method for measuring the oxygen

consumption of intact cell monolayers. Am J Physiol Lung Cell Mol

Physiol 2000;278:L858–63.

[44] Roy S, Khanna S, Sen CK. Perceived hyperoxia: oxygen-regulated

signal transduction pathways in the heart. Methods Enzymol

2004;381:133–9.

[45] Vozenin-Brotons MC, Sivan V, Gault N, Renard C, Geffrotin C,

Delanian S, et al. Antifibrotic action of Cu/Zn SOD is mediated by

TGF-beta1 repression and phenotypic reversion of myofibroblasts.

Free Radic Biol Med 2001;30:30–42.

[46] Maltseva O, Folger P, Zekaria D, Petridou S, Masur SK. Fibroblast

growth factor reversal of the corneal myofibroblast phenotype.

Investig Ophthalmol Vis Sci 2001;42:2490–5.

[47] Dugina V, Fontao L, Chaponnier C, Vasiliev J, Gabbiani G. Focal

adhesion features during myofibroblastic differentiation are con-

trolled by intracellular and extracellular factors. J Cell Sci 2001;

114:3285–96.

[48] Lijnen P, Petrov V, Rumilla K, Fagard R. Transforming growth

factor-beta 1 promotes contraction of collagen gel by cardiac fibro-
blasts through their differentiation into myofibroblasts. Methods

Find Exp Clin Pharmacol 2003;25:79–86.

[49] Nabel EG. CDKs and CKIs: molecular targets for tissue remodelling.

Nat Rev Drug Discov 2002;1:587–98.

[50] Pedeux R, Lefort K, Cuenin C, Cortes U, Kellner K, Dore JF, et al.

Specific induction of gadd45 in human melanocytes and melanoma

cells after UVB irradiation. Int J Cancer 2002;98:811–6.

[51] Meyyappan M, Wong H, Hull C, Riabowol KT. Increased expression

of cyclin D2 during multiple states of growth arrest in primary and

established cells. Mol Cell Biol 1998;18:3163–72.

[52] Kimura SH, Ikawa M, Ito A, Okabe M, Nojima H. Cyclin G1 is

involved in G2/M arrest in response to DNA damage and in growth

control after damage recovery. Oncogene 2001;20:3290–300.

[53] McCabe LR, Banerjee C, Kundu R, Harrison RJ, Dobner PR, Stein

JL, et al. Developmental expression and activities of specific fos and

jun proteins are functionally related to osteoblast maturation: role of

Fra-2 and Jun D during differentiation. Endocrinology 1996;137:

4398–408.

[54] Foletta VC. Transcription factor AP-1, and the role of Fra-2.

Immunol Cell Biol 1996;74:121–33.

[55] Banerjee C, Stein JL, Van Wijnen AJ, Frenkel B, Lian JB, Stein GS.

Transforming growth factor-beta 1 responsiveness of the rat

osteocalcin gene is mediated by an activator protein-1 binding site.

Endocrinology 1996;137:1991–2000.

[56] Eriksson M, Leppa S. Mitogen-activated protein kinases and

activator protein 1 are required for proliferation and cardiomyocyte

differentiation of P19 embryonal carcinoma cells. J Biol Chem 2002;

277:15992–6001.

[57] Outinen PA, Sood SK, Pfeifer SI, Pamidi S, Podor TJ, Li J, et al.

Homocysteine-induced endoplasmic reticulum stress and growth

arrest leads to specific changes in gene expression in human vascular

endothelial cells. Blood 1999;94:959–67.

[58] Chen X, Bargonetti J, Prives C. p53, through p21 (WAF1/CIP1),

induces cyclin D1 synthesis. Cancer Res 1995;55:4257–63.

[59] Hannigan M, Zhan L, Ai Y, Huang CK. The role of p38 MAP kinase

in TGF-beta1-induced signal transduction in human neutrophils.

Biochem Biophys Res Commun 1998;246:55–8.

[60] Kucich U, Rosenbloom JC, Shen G, Abrams WR, Hamilton AD,

Sebti SM. TGF-beta1 stimulation of fibronectin transcription in

cultured human lung fibroblasts requires active geranylgeranyl

transferase I, phosphatidylcholine-specific phospholipase C, protein

kinase C-delta, and p38, but not erk1/erk2. Arch Biochem Biophys

2000;374:313–24.

[61] Wagers AJ, Kansas GS. Potent induction of alpha(1,3)-fucosyltrans-

ferase VII in activated CD4+ T cells by TGF-beta 1 through a p38

mitogen-activated protein kinase-dependent pathway. J Immunol

2000;165:5011–6.

[62] Chin BY, Mohsenin A, Li SX, Choi AM, Choi ME. Stimulation of

pro-alpha(1)(I) collagen by TGF-beta(1) in mesangial cells: role of

the p38 MAPK pathway. Am J Physiol Renal Fluid Electrolyte

Physiol 2001;280:495–504.

[63] Herrera B, Fernandez M, Roncero C, Ventura JJ, Porras A, Valladares

A, et al. Activation of p38MAPK by TGF-beta in fetal rat

hepatocytes requires radical oxygen production, but is dispensable

for cell death. FEBS Lett 2001;499:225–9.

[64] Chiu C, Maddock DA, Zhang Q, Souza KP, Townsend AR, Wan Y.

TGF-beta-induced p38 activation is mediated by Rac1-regulated

generation of reactive oxygen species in cultured human keratino-

cytes. Int J Mol Med 2001;8:251–5.

[65] Yamamoto T, Kozawa O, Tanabe K, Akamatsu S, Matsuno H, Dohi

S, et al. Involvement of p38 MAP kinase in TGF-beta-stimulated

VEGF synthesis in aortic smooth muscle cells. J Cell Biochem

2001;82:591–8.

[66] Wenzel S, Taimor G, Piper HM, Schluter KD. Redox-sensitive

intermediates mediate angiotensin II-induced p38 MAP kinase

activation, AP-1 binding activity, and TGF-beta expression in adult

ventricular cardiomyocytes. FASEB J 2001;15:2291–3.



C.K. Sen et al. / Cardiovascular Research 71 (2006) 280–288 287

D
ow

nloaded from
 https://academ

ic.oup.com
/cardiovascres/article/71/2/280/276918 by O

hio State U
niversity - O

AR
D

C
 user on 11 D

ecem
ber 2020
[67] Goldberg PL, MacNaughton DE, Clements RT, Minnear FL, Vincent

PA. p38 MAPK activation by TGF-beta1 increases MLC phosphor-

ylation and endothelial monolayer permeability. Am J Physiol Lung

Cell Mol Physiol 2002;282:L146–54.

[68] Schrantz N, Bourgeade MF, Mouhamad S, Leca G, Sharma S,

Vazquez A. p38-mediated regulation of an Fas-associated death

domain protein-independent pathway leading to caspase-8 activation

during TGFbeta-induced apoptosis in human Burkitt lymphoma B

cells BL41. Mol Biol Cell 2001;12:3139–51.

[69] Eghbali M, Czaja MJ, Zeydel M, Weiner FR, Zern MA, Seifter S,

et al. Collagen chain mRNAs in isolated heart cells from young

and adult rats. J Mol Cell Cardiol 1988;20:267–76.

[70] Pathak M, Sarkar S, Vellaichamy E, Sen S. Role of myo-

cytes in myocardial collagen production. Hypertension 2001;37:

833–40.

[71] Lappi DA, Baird A, Majack RA, Reidy MA, Carver W. Collagen

expression in mechanically stimulated cardiac fibroblasts. Circ Res

1991;68:106–13.

[72] Kawano H, Do YS, Kawano Y, Starnes V, Barr M, Law RE, et al.

Angiotensin II has multiple profibrotic effects in human cardiac

fibroblasts. Circulation 2000;101:1130–7.

[73] Zhang X, Azhar G, Nagano K, Wei JY. Differential vulnerability to

oxidative stress in rat cardiac myocytes versus fibroblasts. J Am Coll

Cardiol 2001;38:2055–62.

[74] Borer JS, Truter S, Herrold EM, Falcone DJ, Pena M, Carter JN,

et al. Myocardial fibrosis in chronic aortic regurgitation: molecular

and cellular responses to volume overload. Circulation 2002;105:

1837–42.

[75] Feugate JE, Li Q, Wong L, Martins-Green M. The cxc chemokine

cCAF stimulates differentiation of fibroblasts into myofibroblasts

and accelerates wound closure. J Cell Biol 2002;156:161–72.

[76] Rosenkranz S. TGF-beta1 and angiotensin networking in cardiac

remodeling. Cardiovasc Res 2004;63:423–32.

[77] Siwik DA, Pagano PJ, Colucci WS. Oxidative stress regulates

collagen synthesis and matrix metalloproteinase activity in cardiac

fibroblasts. Am J Physiol Cell Physiol 2001;280:C53–60.

[78] Cucoranu I, Clempus R, Dikalova A, Phelan PJ, Ariyan S, Dikalov S,

et al. NAD(P)H oxidase 4 mediates transforming growth factor-

beta1-induced differentiation of cardiac fibroblasts into myofibro-

blasts. Circ Res 2005;97:900–7.

[79] Olson ER, Naugle JE, Zhang X, Bomser JA, Meszaros JG.

Inhibition of cardiac fibroblast proliferation and myofibroblast

differentiation by resveratrol. Am J Physiol Heart Circ Physiol

2005;288:H1131–38.

[80] Feld Y, Melamed-Frank M, Kehat I, Tal D, Marom S, Gepstein L.

Electrophysiological modulation of cardiomyocytic tissue by trans-

fected fibroblasts expressing potassium channels: a novel strategy to

manipulate excitability. Circulation 2002;105:522–9.

[81] Fukuda K. Development of regenerative cardiomyocytes from

mesenchymal stem cells for cardiovascular tissue engineering. Artif

Organs 2001;25:187–93.

[82] Zhao L, Eghbali-Webb M. Release of pro- and anti-angiogenic

factors by human cardiac fibroblasts: effects on DNA synthesis and

protection under hypoxia in human endothelial cells. Biochim

Biophys Acta 2001;1538:273–82.

[83] Berg A, Ekwall AK, Rubin K, Stjernschantz J, Reed RK. Effect of

PGE1, PGI2, and PGF2 alpha analogs on collagen gel compaction

in vitro and interstitial pressure in vivo. Am J Physiol 1998;274:

H663–71.

[84] Rodt SA, Ahlen K, Berg A, Rubin K, Reed RK. A novel

physiological function for platelet-derived growth factor-BB in rat

dermis. J Physiol 1996;495:193–200.

[85] Sun Y, Weber KT. Infarct scar: a dynamic tissue. Cardiovasc Res

2000;46:250–6.

[86] Brown RD, Ambler SK, Mitchell MD, Long CS. The cardiac

fibroblast: therapeutic target in myocardial remodeling and failure.

Annu Rev Pharmacol Toxicol 2005;45:657–87.
[87] Murry CE, Soonpaa MH, Reinecke H, Nakajima H, Nakajima HO,

Rubart M, et al. Haematopoietic stem cells do not transdifferentiate

into cardiac myocytes in myocardial infarcts. [see comment]Nature

2004;428:664–8.

[88] Virmani R, Correa R, Yu ZX, Farb A, Leon MB, Elami A, et al.

Identification of functional angiotensin II receptors on rat cardiac

fibroblasts. Circulation 1993;88:2493–500.

[89] Urabe Y, Tsutsui H, Kinugawa S, Sugimachi M, Takahashi M,

Yamamoto S, et al. Exogenous and endogenous adenosine inhibits

fetal calf serum-induced growth of rat cardiac fibroblasts: role of

A2B receptors. Circulation 1997;96:2501–4.

[90] Hart CE, Stetler-Stevenson WG, Clowes AW, Ohkubo N. Angioten-

sin type 2 receptors are reexpressed by cardiac fibroblasts from

failing myopathic hamster hearts and inhibit cell growth and fibrillar

collagen metabolism. Circulation 1997;96:3555–60.

[91] Gaynor JS, Turner AS, Johnson SM, Horwitz LD, Whitehill TA,

Harken AH, et al. Expression of functional angiotensin-converting

enzyme and AT1 receptors in cultured human cardiac fibroblasts.

Circulation 1998;98:2049–54.

[92] Wharton J, Morgan K, Allen SP, Chester AH, Catravas JD, Polak JM,

et al. Scaffold-based three-dimensional human fibroblast culture

provides a structural matrix that supports angiogenesis in infarcted

heart tissue. Circulation 1998;98:2553–9.

[93] Landeen LK, Shepherd BR, Naughton GK, Ratcliffe A, Williams

SK, Feld Y. Electrophysiological modulation of cardiomyocytic

tissue by transfected fibroblasts expressing potassium channels: a

novel strategy to manipulate excitability. Circulation 2001;104:

2063–8.

[94] Dionne CA, Jaye MC, Schorb W. Angiotensin II is mitogenic in

neonatal rat cardiac fibroblasts. Circ Res 1993;72:7–19.

[95] Sa G, Fox PL, Sartore S. Contribution of adventitial fibroblasts to

neointima formation and vascular remodeling: from innocent

bystander to active participant. Circ Res 1994;74:1149–56.

[96] Kardami E, Cattini PA, Farivar RS. Salicylate or aspirin inhibits the

induction of the inducible nitric oxide synthase in rat cardiac

fibroblasts. Circ Res 1996;78:126–36.

[97] Teichert-Kuliszewska K, Monge JC, Mohamed F, Bendeck MP,

Stewart DJ, Tsutsumi Y. Angiotensin II type 2 receptor is upregulated

in human heart with interstitial fibrosis, and cardiac fibroblasts are

the major cell type for its expression. Circ Res 1998;82:1007–15.

[98] Bjercke RJ, Erichsen DA, Rege A, Lindner V, Smith JD. Soluble

transforming growth factor-beta type II receptor inhibits negative

remodeling, fibroblast transdifferentiation, and intimal lesion forma-

tion but not endothelial growth. Circ Res 1999;84:323–8.

[99] Gurantz D, Cowling RT, Villarreal FJ, Greenberg BH, Carmeliet P.

Tumor necrosis factor-alpha upregulates angiotensin II type 1

receptors on cardiac fibroblasts Fibroblast growth factor-1 stimulates

branching and survival of myocardial arteries: a goal for therapeutic

angiogenesis? Circ Res 1999;85:272–9.

[100] Chiavegato A, Faggin E, Franch R, Puato M, Ausoni S, Pauletto P,

et al. Cardiotrophin-1 stimulation of cardiac fibroblast growth:

roles for glycoprotein 130/leukemia inhibitory factor receptor and

the endothelin type A receptor. Circ Res 2001;89:1111–21.

[101] Badylak S, Obermiller J, Geddes L, Matheny R. Extracellular matrix

for myocardial repair. Heart Surg Forum 2003;6:E20–6.

[102] Long CS, Brown RD. The cardiac fibroblast, another therapeutic

target for mending the broken heart? J Mol Cell Cardiol 2002;

34:1273–8.

[103] Mathur A, Martin JF. Stem cells and repair of the heart. Lancet

2004;364:183–92.

[104] Schwartz Y, Kornowski R. Autologous stem cells for functional

myocardial repair. Heart Fail Rev 2003;8:237–45.

[105] Rangappa S, Fen C, Lee EH, Bongso A, Wei ES. Transformation of

adult mesenchymal stem cells isolated from the fatty tissue into

cardiomyocytes. Ann Thorac Surg 2003;75:775–9.

[106] Xu W, Zhang X, Qian H, Zhu W, Sun X, Hu J, et al.

Mesenchymal stem cells from adult human bone marrow differen-



C.K. Sen et al. / Cardiovascular Research 71 (2006) 280–288288

D
ow

nloaded from
 h
tiate into a cardiomyocyte phenotype in vitro. Exp Biol Med 2004;

229:623–31.

[107] Rhaleb NE, Peng H, Harding P, Tayeh M, LaPointe MC, Carretero

OA. Effect of N-acetyl-seryl-aspartyl-lysyl-proline on DNA and

collagen synthesis in rat cardiac fibroblasts. Hypertension 2001;

37:827–32.

[108] Staversky RJ, Watkins RH, Wright TW, Hernady E, LoMonaco

MB, D’Angio CT, et al. Normal remodeling of the oxygen-injured

lung requires the cyclin-dependent kinase inhibitor p21(Cip1/-

WAF1/Sdi1). Am J Pathol 2002;161:1383–93.

[109] Herskowitz A, Choi S, Ansari AA, Wesselingh S. Cytokine mRNA

expression in postischemic/reperfused myocardium. Am J Pathol

1995;146:419–28.
[110] Frangogiannis NG, Michael LH, Entman ML. Myofibroblasts in

reperfused myocardial infarcts express the embryonic form of

smooth muscle myosin heavy chain (SMemb). Cardiovasc Res

2000;48:89–100.

[111] Chen H, Li D, Saldeen T, Mehta JL. TGF-beta 1 attenuates myo-

cardial ischemia– reperfusion injury via inhibition of upregulation of

MMP-1. Am J Physiol Heart Circ Physiol 2003;284:H1612–17.

[112] Dobbin L [Trans.]. Collected papers of Carl Wilhelm Scheel.

London: G. Bell & Sons; 1931.

[113] Bert P. La Pression Barometrique [Hitchcock M, Hitchcock A,

Trans.]. Columbus, OH: College Book Company; 1943 [Original

work published in 1878].
ttp
s://academ
ic.oup.com

/cardiovascres/article/71/2/280/276918 by O
hio State U

niversity - O
AR

D
C

 user on 11 D
ecem

ber 2020


	Perceived hyperoxia: Oxygen-induced remodeling of the reoxygenated heart
	Introduction
	Ischemia-reperfusion and oxygen tension
	Oxygen and oxygen sensing
	Perceived hyperoxia: p21 as a key effector
	Cardiac fibroblasts: key players in myocardial repair
	Acknowledgment
	References


