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Atrial fibrillation (AF) is the most common arrhythmia in the clinical setting, and traditional pharmacological ap-
proaches have proved to have important weaknesses. Structural remodeling has been observed in both clinical
and experimental AF paradigms, and is an important feature of the AF substrate, producing fibrosis that alters
atrial tissue composition and function. The precise mechanisms underlying atrial fibrosis are not fully elucidated,
but recent experimental studies and clinical investigations have provided valuable insights. A variety of signaling
systems, particularly involving angiotensin Il and related mediators, seem to be centrally involved in the promo-
tion of fibrosis. This paper reviews the current understanding of how atrial fibrosis creates a substrate for AF,
summarizes what is known about the mechanisms underlying fibrosis and its progression, and highlights emerg-

ing therapeutic approaches aimed at attenuating structural remodeling to prevent AF.

(J Am Coll Cardiol 2008;

51:802-9) © 2008 by the American College of Cardiology Foundation

In recent years, atrial fibrillation (AF) has increasingly
become a focus of attention because it remains the most
encountered arrhythmia in clinical practice (1) and a major
cause of morbidity and mortality (2). The fundamental
mechanisms underlying AF have long been debated, but
electrical, contractile, and structural remodeling are each
important synergistic contributors to the AF substrate
(3-5). Fibrosis is a hallmark of arrhythmogenic structural
remodeling (4,5). Tissue fibrosis results from an accumula-
tion of fibrillar collagen deposits, occurring most commonly
as a reparative process to replace degenerating myocardial
parenchyma with concomitant reactive fibrosis, which
causes interstitial expansion (6,7). Animal models indicate
regional differences in fibrotic remodeling (8), with the atria
seeming to be more sensitive than the ventricles (9). Atrial
fibrosis occurs as a convergent pathological end point in a
variety of settings, such as senescence (10,11), cardiac
dysfunction (12), mitral valvular disease (13,14), and possi-
bly myocardial ischemia (15). Atrial fibrosis involves multi-
factorial processes that result from complex interactions
among neurohormonal and cellular mediators. Interven-
tions that prevent atrial fibrosis may be useful in prevent-
ing AF occurrence (1). An understanding of the mecha-
nisms underlying atrial fibrosis is relevant to designing
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improved strategies for preventing AF-promoting struc-
tural remodeling.

Clinical Relationship
Between Atrial Fibrosis and AF

Atrial fibrosis is a common feature of clinical AF (16).
Atrial fibrillation is thought to be secondary to underlying
organic heart disease in approximately 70% of patients, with
lone AF occurring in the absence of any detectable etiology
in approximately 30% of cases (17). Increased collagen
deposition has been documented in lone-AF patients com-
pared with sinus rhythm control subjects (18), and in
patients with AF secondary to mitral valve disease versus
those in sinus rhythm (19). Extracellular matrix (ECM)
volume and composition correlate with AF persistence (20).
These findings highlight the association between atrial
fibrosis and AF, although determining the causal impor-
tance of tissue fibrosis in AF occurrence and persistence
remains an important challenge. Experimental models have
helped to develop an appreciation for the relationship
between atrial fibrosis and AF (Table 1). Ventricular
tachypacing (VTP) induces congestive heart failure (CHF)
in dogs by causing a tachycardiomyopathy (21), and pro-
duces atrial interstitial fibrosis comparable to atrial pathol-
ogy in many forms of clinical AF (4). In the dog model,
atrial fibrosis causes localized regions of conduction slowing,
increasing conduction heterogeneity and providing an AF
substrate (4). Conduction abnormalities provide a basis for
unidirectional conduction block and macro-re-entry
(22,23); however, there is also evidence for focal atrial
tachyarrhythmias (24). Extracellular matrix genes are in-
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duced early after VTP onset in the dog (25), with a time
course paralleling the development of fibrosis and AF
sustainability (26). Extracellular matrix gene expression
changes in human AF patients show similar profibrotic
patterns (27). Figure 1 illustrates the pathophysiology of AF
associated with CHF. In addition to inducing fibrosis, CHF
also affects atrial ionic current (28) and Ca®" handling
properties (29). Atrial tachycardia itself alters atrial electrical
properties in a way that promotes AF induction and
maintenance (“AF begets AF” [3]). Tachycardia-induced
ionic remodeling in the presence of CHF, as occurs when
AF develops in a CHF patient, differs from that of CHF or
AF alone, and from simple additive effects (30). Atrial
tachypacing with ventricular rate control produces ECM
accumulation (31,32), suggesting that AF itself promotes
atrial fibrosis.

Ultrastructural Alterations

Myocyte loss, either by apoptosis or necrosis (9,26), is
observed in parallel with the onset of fibrosis. Reparative
fibrosis replaces degenerating myocardial cells (33), whereas
coexisting reactive fibrosis causes interstitial expansion be-
tween bundles of myocytes (7,34), as shown in Figure 2.
Pathologically produced collagen differs from that in normal
myocardium, with altered ratios of collagen subtypes
(20,35). Dense and disorganized collagen weave fibrils
physically separate remaining myocytes (36), and can create
a barrier to impulse propagation.

Fibrosis interferes with conduction by impairing inter-
myocyte coupling. Myocardial electrical continuity is main-
tained by specialized proteins called connexins located in
gap junctions, which form cell-to-cell connections that
maintain low-resistance intercellular coupling. Alterations
in ventricular expression and function of the major cardiac
connexin, connexin 43, are observed in CHF and correlate
with proarrhythmic conduction slowing (37). Hypophos-
phorylation of connexins and their redistribution to lateral
cell borders are the salient features (37,38), with connexin
disorganization correlating with fibrosis (39). Studies of
gap-junctional remodeling in the atria have produced dis-
crepant results (40), and changes may depend on the degree
and/or type of underlying pathology (41). Atrial gap junc-
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Abbreviations
and Acronyms

ACE = angiotensin-
converting enzyme

tion remodeling seems to reverse
slowly (42), but it is still unclear
how much connexin disruption is
required to observe an effect on

conduction. AF = atrial fibrillation

Angll = angiotensin Il

Mechanisms of Atrial

Fibrosis AT1 = angiotensin Il type 1

CHF = congestive heart
failure

Profibrotic signals. Atrial fi-
brosis results from a variety of
cardiac insults that share com-
mon fibroproliferative signaling
pathways. Several secreted fac-
tors that cause profibrotic re-
sponses often work in concert in
the clinical setting (43). Angio-
tensin II (Angll) is a well-
characterized profibrotic mole-
cule, along with prominent downstream mediators like
transforming growth factor (T'GF)-beta 1. Other potential
mediators such as platelet-derived growth factor (PDGF)
and connective tissue growth factor have recently become of
interest.

The renin-angiotensin-aldosterone system is involved in
myocardial fibrosis in hypertensive heart disease, CHF,
myocardial infarction, and cardiomyopathy (44). Patients
with primary hyperaldosteronism have an increased inci-
dence of AF (45), and locally produced Angll is associated
with cardiomyocyte apoptosis and reactive interstitial fibro-
sis (46). Increased Angll production in transgenic mice with
cardiac-restricted angiotensin-converting enzyme (ACE)
overexpression causes marked atrial dilation with focal
fibrosis and AF (47). Atrial Angll levels increase early in the
course of VIP-induced CHF (26,48). Mitogen-activated
protein kinases are important potential mediators of AnglI
effects on tissue structure (49—-51), and overactivity of this
pathway may also directly influence cardiomyocyte gap-
junctional coupling and conduction properties (52).

Transforming growth factor-B; is central to signaling
cascades implicated in the genesis of cardiac fibrosis (53), for
example as a primary downstream mediator of Angll effects
(54,55). Angll induces TGF-B; messenger ribonucleic acid

ECM = extracellular matrix

PDGF = platelet-derived
growth factor

TGF = transforming growth
factor

VTP = ventricular
tachypacing

LR B Animal Models With Selective Atrial Fibrosis Associated With AF

Animal Model Finding Clinical Correlate Ref. #
Dog VTP Atrial fibrosis, AF, conduction heterogeneity CHF 4
Dog Aging Atrial fibrosis, AF Ageing 10,11
Dog Mitral regurgitation Atrial fibrosis, AF Mitral valve disease 14
Dog Atrial tachypacing with ventricular rate control Qualitative increase in atrial fibrosis Atrial tachycardia remodeling 14
Pig Atrial tachypacing with ventricular rate control Atrial fibrosis, AF Atrial tachycardia remodeling 31,32
Transgenic Cardiac overexpression:

mouse

ACE Atrial fibrosis, AF, normal ventricular structure and function Atrial pathology in CHF 47
TGF-B4 Atrial fibrosis, AF, normal ventricular structure and function Atrial pathology in CHF 63,64

ACE = angiotensin-converting enzyme; AF = atrial fibrillation; CHF = congestive heart failure; TGF = transforming growth factor; VTP = ventricular tachypacing.
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Mechanisms by Which CHF Leads to AF

In turn, AF causes changes that can impair cardiac function, leading to potentially deleterious
positive-feedback systems. Figure illustration by Rob Flewell. AF = atrial fibrillation; CHF = congestive heart failure.

expression, protein elaboration and activity in vitro (56) and
in vivo (57,58), and blockade of the angiotensin II type 1
(AT1) receptor suppresses TGF-B1 upregulation (59-61).
Primarily, TGF-B1 acts through the SMAD signaling
pathway to stimulate collagen production (60,62). As for
tissue Angll, rapid increases in atrial expression of activated
TGF-B; occur in VIP-induced CHF (9). Targeted cardiac

overexpression of constitutively active TGF-B; causes se-

lective atrial fibrosis, conduction heterogeneity, and AF
propensity (63,64). Normal ventricular structure and func-
tion in this model, despite equal overexpression, implies
that: 1) TGF-B; may be a key mediator of atrial fibrosis, 2)
fibrosis-related promotion of AF can occur in the absence of
ventricular dysfunction, and 3) regional differences exist in
structural remodeling vulnerability, with the atria particu-
larly prone to fibrosis. The latter notion is consistent with
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m Schematic lllustrating How Fibrosis Disrupts Myocyte Coupling

Cardiomyocytes in normal myocardial tissue (A) are electrically coupled primarily in an end-to-end fashion by intercellular gapjunctional complexes. Reactive fibrosis
results in extracellular matrix expansion between bundles of myocytes (B), while reparative fibrosis replaces degenerating myocytes (C). Both patterns of collagen distri-
bution become exaggerated during structural remodeling. Figure illustration by Rob Flewell.
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the predominant atrial versus ventricular fibrosis observed in
experimental CHF (9).

Platelet-derived growth factor, a member of the PDGEF/
vascular endothelial growth factor family, is highly ex-
pressed in the myocardium throughout development and
adulthood. It stimulates proliferation, migration, differen-
tiation, and physiological function of mesenchymal cells
(65); however, its role in cardiac fibrosis has only recently
been investigated. Transgenic mice with cardiac-specific
PDGF overexpression show cardiac fibrosis followed by
dilated cardiomyopathy and cardiac failure (66,67). Atrial
fibrillation susceptibility has not been evaluated in these
animals but would be interesting to address, given the
existence of a fibrotic and potentially arrhythmogenic sub-
strate. Connective tissue growth factor has emerged from
pathway analysis in a genomic study of the CHF-related AF
substrate (26).

Cellular mediators. Fibrosis results when circulating and
locally synthesized profibrotic factors act on resident cardiac
cells to increase collagen production without offsetting
increases in collagen degradation. Cardiomyocytes account
for approximately 45% of the atrial myocardium by volume,
compared with approximately 76% in the ventricles (68,69).
Nonmyocytes are thought to compose approximately 70% of
cardiac cells by number (70): atrial-ventricular differences in
the composition of this heterogeneous population of cells
may contribute to the greater atrial ECM volume compared
with ventricles in normal hearts (68,69), which becomes
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exaggerated with remodeling (9). There is a complex inter-
play among these cell types, the most numerous of which is
the cardiac fibroblast. The fibroblast was traditionally
thought to be a passive bystander in the myocardium, but is
now recognized to participate actively in shaping and
responding to the cardiac milieu (71). Figure 3 is a sche-
matic representation of cardiomyocyte—fibroblast crosstalk
in the promotion of atrial fibrosis.

Exposure to Angll (72) or TGF-B; (73) dramatically
influences cardiac fibroblast function, upregulating ECM
protein synthesis and secretion. Both AnglI production and
AT1 receptor expression are increased during remodeling in
fibroblasts in vivo (74). Increases in Angll and activated
TGF-B; concentrations reciprocally enhance each other’s
production (56,75), and induce expression of additional
profibrotic molecules in fibroblasts (76,77), creating positive
feedback cycles for fibrosis. Mechanical stretch induces
collagen synthesis (78), along with increased Angll and
TGF-B; expression in cardiac fibroblasts (79), and thus
chronic atrial dilation may contribute to structural remod-
eling and the domestication of AF (80). Fibroblast stretch-
sensing mechanisms show exquisite sensitivity, with differ-
ent types of deformation causing differential ECM
expression profiles (81). In addition to profibrotic actions,
mechanical stretch of fibroblasts can directly modulate
myocyte electrical activity, a potentially proarrhythmic
mechanism called mechanoelectric feedback (82).
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Autocrine and paracrine mechanisms act to amplify humoral and mechanical stimuli resulting in tissue fibrosis. Figure illustration by Rob Flewell. Ang Il =
angiotensin IlI; AT-R = angiotensin receptor; ECM = extracellular matrix; TGF = transforming growth factor; TGFB-R = trasforming growth factor beta receptor.
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Although cardiomyocytes probably do not directly syn-
thesize collagen (83), they can importantly influence struc-
tural remodeling through interactions with neighboring
fibroblasts. Mechanical stretch induces cardiomyocyte
mitogen-activated protein kinase signaling through direct
activation of AT1 receptors (84). Angiotensin II is pro-
duced by stretched cardiomyocytes (85), with direct
fibroblast-activating consequences. Furthermore, Angll acts
as a paracrine/autocrine hypertrophic signal, and eventual
myocyte failure and death further promotes fibroblast che-
motaxis. Rapid cardiomyocyte activation seems to cause
Angll upregulation (52,86) and tachypaced atrial cardiomy-
ocytes secrete factors that cause differentiation to a secretory
phenotype in cardiac fibroblasts (87). In coculture experi-
ments, cardiomyocytes potentiate Angll-stimulated colla-
gen synthesis in fibroblasts (88,89). The potential impor-
tance of cardiomyocyte—fibroblast interactions in fibrillating
atria has recently been emphasized based on observations on
atrial myocytes from AF patients (90).

Therapeutic Implications

Conventional antiarrhythmic drug approaches have limited
effectiveness and are associated with risks of serious com-
plications, particularly proarrhythmia (91). Accordingly,
attenuation and reversal of structural remodeling have in-
creasingly become the focus of attempts at therapeutic
innovation, and several agents have shown efficacy in animal
models (Table 2). Several ACE inhibitors reduce fibrosis,
normalize connexin 43 abnormalities, and improve AF
indices in experimental models (26,48,92-94). Retrospec-
tive analyses point to the value of ACE inhibitors in AF
prevention, particularly in patients at the highest risk of
structural remodeling (95). Angiotensin II type 1 receptor
blockers seem to offer a benefit similar to that of ACE
inhibition, with improvement in both AF susceptibility and
structural remodeling (96-98). Antialdosterone therapies
also seem to reduce atrial fibrosis (99). Pirfenidone,
5-methyl-1-phenyl-2(1H)-pyridone, an antifibrotic agent,
reduces TGF-; levels and prevents development of the AF

JACC Vol. 51, No. 8, 2008
February 26, 2008:802-9

substrate in VI'P-induced CHF (100). Both CHF-induced
atrial structural remodeling and AF promotion are also
attenuated by the 3-hydroxy-3-methylglutaryl coenzyme A
reductase inhibitor simvastatin, which improves hemody-
namic function and directly inhibits profibrotic atrial fibro-
blast responses (101). Recently, omega-3 poly-unsaturated
fatty acids have been found similarly to prevent the CHF-
associated AF substrate (102).

The potential for reversing fibrosis is of particular clinical
interest because it is often not possible to begin treatment in
humans before a significant degree of atrial remodeling has
already occurred. Cessation of VI'P without pharmacolog-
ical intervention allows the reversal of CHF and normal-
ization of atrial size and function; however, fibrosis and
conduction abnormalities persist along with a substrate that
can support prolonged AF (103,104). Brilla et al. (105-107)
have published several reports showing the regression of
established fibrosis in the ventricles with ACE inhibition.
Similar investigations of the atria are limited, although one
study has shown that rats treated for 1 month with an
aldosterone antagonist beginning 3 months after myocardial
infarction have less atrial fibrosis than control rats (99),
suggesting possible reversal of fibrosis.

Although animal studies on fibrosis suppression as an
approach to preventing development of the AF substrate are
promising, confirmatory evidence of clinical value is essen-
tial. A number of clinical trials support the concept
(95,108), but to date all of the results available are from
retrospective analyses of databases from ACE inhibitor and
AT1-receptor blocker trials with other end points. The
results of ongoing prospective trials in this area are antici-
pated with interest. In addition, there are theoretical reasons
why there may be differences in efficacy among compounds
with closely related mechanisms of action, such as ACE
inhibitors and AT1-receptor antagonists (109). If AF-
preventing efficacy of antifibrotic therapies is confirmed by
prospective trials, it will be important to perform compar-
ative studies between candidate compounds/targets to de-
termine relative effectiveness.

LI Fibrosis-Targeted Therapies With Antiarrhythmic Efficacy in Animal Models of AF

Drug Class Mechanism Notes Ref. #
ACE inhibitors Inhibitors of ACE, reduce Angll Clinically approved for heart failure; beneficial 26,48,92-94,
production effects on atrial fibrosis, reversal of 105-107

ventricular fibrosis in animal models

ARBs AT1 receptor antagonist Clinically approved for heart failure; beneficial 96-98
effects on atrial fibrosis in animal models

Spironolactone Aldosterone antagonist Clinically approved for heart failure; reversal of 99
atrial fibrosis in animal models

Pirfenidone Unknown, antifibrotic, anti-inflammatory Investigational 100

Statins HMG-CoA reductase inhibitors Clinically approved lipid lowering agents; 101
Investigational for CHF, beneficial effects on
atrial fibrosis in animal models

Omega-3 poly-unsaturated Attenuate CHF-induced atrial fibrosis Investigational, atrial fibrosis prevention, and 102

fatty acids and hemodynamic deterioration

antiarrhythmic efficacy in animal models

Angll = angi

in Il; ARB = in Il type 1 recep

blocker; AT1 = angiotensin Il type 1; HMG-CoA = 3-hydroxy-3-methylglutaryl coenzyme A; other abbreviations as in Table 1.
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Important Unanswered Questions

Atrial fibrosis plays an important role in the pathophysiol-
ogy of AF. Many aspects of the fundamental factors
controlling atrial tissue fibrosis remain to be established, as
do the precise ways in which fibrosis alters atrial function
and interacts with other pathophysiological components to
promote AF occurrence and maintenance. Several key issues
remain to be resolved to better understand the role of atrial
fibrosis in the development of the AF substrate. It is
unknown whether structural remodeling caused by other
etiologies, such as amyloidosis (110,111), fatty infiltration
(112), or hemochromatosis (113), predispose to AF by the
same mechanisms as fibrosis. Postmortem studies show that
severe atrial pathology does not always result in AF. The
quantitative relationship between fibrosis and AF needs to
be understood, including issues such as the possibility that
there is a threshold for AF promotion and that the fibro-
sis—AF relationship may be highly nonlinear, even to the
extent that very severe fibrosis may make AF less likely.
More information is needed about the effect of the spatial
distribution and the pattern of fibrosis on atrial conduction
and AF susceptibility. The precise mechanisms by which
fibrosis alters conduction need to be understood, as does the
spatial scale over which conduction changes with different
types of fibrosis. The directionality of fibrosis-related con-
duction changes needs to be appreciated; for example, if
most fibrosis runs parallel to muscle bundles, fibrosis-related
conduction impairment should be much greater in the
transverse than longitudinal direction. The potential inter-
actions between fibrosis and other mechanistic determinants
of AF occurrence, such as repolarization properties and
distribution, source current (sodium current) availability and
density, the occurrence and frequency of atrial ectopic
activity, and connexin expression, localization, and function,
need to be appreciated. Finally, it will be crucial to resolve
definitively the specific causative role of fibrosis in AF
promotion. Although susceptibility to prolonged AF tracks
the extent of fibrosis in a variety of experimental paradigms,
it remains to be proven that fibrosis per se, and not some
other associated abnormality, is the critical mechanistic
contributor. A better understanding of the roles and mech-
anisms of fibrosis are likely to help in the development of
newer and more effective treatment approaches for AF.

Acknowledgment
The authors thank France Thériault for excellent secretarial
help with the manuscript.

Reprint requests and correspondence: Dr. Stanley Nattel, 5000
Belanger Street East, Montreal HIT 1C8, Quebec, Canada.

E-mail: stanley.nattel@icm-mbhi.org.

REFERENCES

1. Nattel S, Opie LH. Controversies in atrial fibrillation. Lancet
2006;367:262-72.

10.

11.

12.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Burstein and Nattel 807
Atrial Fibrosis and AF

. Beyerbach DM, Zipes DP. Mortality as an endpoint in atrial

fibrillation. Heart Rhythm 2004;1:8-18.

. Wijffels MC, Kirchhof CJ, Dorland R, Allessie MA. Atrial fibrilla-

tion begets atrial fibrillation. A study in awake chronically instru-
mented goats. Circulation 1995;92:1954-68.

. Li D, Fareh S, Leung TK, Nattel S. Promotion of atrial fibrillation

by heart failure in dogs: atrial remodeling of a different sort.
Circulation 1999;100:87-95.

. Allessie M, Ausma J, Schotten U. Electrical, contractile and struc-

tural remodeling during atrial fibrillation. Cardiovasc Res 2002;54:
230—46.

. Assayag P, Carre F, Chevalier B, Delcayre C, Mansier P, Swyng-

hedauw B. Compensated cardiac hypertrophy: arrhythmogenicity and
the new myocardial phenotype. I. Fibrosis. Cardiovasc Res 1997;34:
439-44.

. Silver MA, Pick R, Brilla CG, Jalil JE, Janicki JS, Weber KT.

Reactive and reparative fibrillar collagen remodeling in the hypertro-
phied rat left ventricle: two experimental models of myocardial
fibrosis. Cardiovasc Res 1990;24:741-7.

. Nattel S, Shiroshita-Takeshita A, Brundel BJ, Rivard L. Mechanisms

of atrial fibrillation: lessons from animal models. Prog Cardiovasc Dis
2005;48:9-28.

. Hanna N, Cardin S, Leung TK, Nattel S. Differences in atrial versus

ventricular remodeling in dogs with ventricular tachypacing-induced
congestive heart failure. Cardiovasc Res 2004;63:236—44.
Anyukhovsky EP, Sosunov EA, Plotnikov A, et al. Cellular electro-
physiologic properties of old canine atria provide a substrate for
arrhythmogenesis. Cardiovasc Res 2002;54:462-9.

Anyukhovsky EP, Sosunov EA, Chandra P, et al. Age-associated
changes in electrophysiologic remodeling: a potential contributor to
initiation of atrial fibrillation. Cardiovasc Res 2005;66:353—63.
Ohtani K, Yutani C, Nagata S, Koretsune Y, Hori M, Kamada T.
High prevalence of atrial fibrosis in patients with dilated cardiomy-
opathy. ] Am Coll Cardiol 1995;25:1162-9.

. Bailey GW, Braniff BA, Hancock EW, Cohn KE. Relation of left

atrial pathology to atrial fibrillation in mitral valvular disease. Ann
Intern Med 1968;69:13-20.

Everett TH, Wilson EE, Verheule S, Guerra JM, Foreman S, Olgin
JE. Structural atrial remodeling alters the substrate and spatiotem-
poral organization of atrial fibrillation: a comparison in canine models
of structural and electrical atrial remodeling. Am | Physiol Heart Circ
Physiol 2006;291:H2911-23.

Sinno H, Derakhchan K, Libersan D, Merhi Y, Leung TK, Nattel S.
Atrial ischemia promotes atrial fibrillation in dogs. Circulation
2003;107:1930-6.

Kostin S, Klein G, Szalay Z, Hein S, Bauer EP, Schaper J. Structural
correlate of atrial fibrillation in human patients. Cardiovasc Res
2002;54:361-79.

Levy S. Factors predisposing to the development of atrial fibrillation.
Pacing Clin Electrophysiol 1997;20:2670—4.

Frustaci A, Chimenti C, Bellocci F, Morgante E, Russo MA, Maseri
A. Histological substrate of atrial biopsies in patients with lone atrial
fibrillation. Circulation 1997;96:1180—4.

Boldt A, Wetzel U, Lauschke J, et al. Fibrosis in left atrial tissue of
patients with atrial fibrillation with and without underlying mitral
valve disease. Heart 2004;90:400-5.

Xu], Cui G, Esmailian F, et al. Atrial extracellular matrix remodeling
and the maintenance of atrial fibrillation. Circulation 2004;109:
363-8.

Armstrong PW, Stopps TP, Ford SE, De Bold AJ. Rapid ventricular
pacing in the dog: pathophysiologic studies of heart failure. Circula-
tion 1986;74:1075—-84.

Derakhchan K, Li D, Courtemanche M, et al. Method for simulta-
neous epicardial and endocardial mapping of in vivo canine heart:
application to atrial conduction properties and arrhythmia mecha-
nisms. ] Cardiovasc Electrophysiol 2001;12:548-55.

Nattel S, Li D, Yue L. Basic mechanisms of atrial fibrillation—very
new insights into very old ideas. Annu Rev Physiol 2000;62:51-77.
Fenelon G, Shepard RK, Stambler BS. Focal origin of atrial
tachycardia in dogs with rapid ventricular pacing-induced heart
failure. ] Cardiovasc Electrophysiol 2003;14:1093-102.

Cardin S, Libby E, Pelletier P, et al. Contrasting gene expression
profiles in two canine models of atrial fibrillation. Circ Res 2007;100:
425-33.


mailto:stanley.nattel@icm-mhi.org

808

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Burstein and Nattel
Atrial Fibrosis and AF

Cardin S, Li D, Thorin-Trescases N, Leung TK, Thorin E, Nattel S.
Evolution of the atrial fibrillation substrate in experimental conges-
tive heart failure: angiotensin-dependent and -independent pathways.
Cardiovasc Res 2003;60:315-25.

Barth AS, Merk S, Arnoldi E, et al. Reprogramming of the human
atrial transcriptome in permanent atrial fibrillation: expression of a
ventricular-like genomic signature. Circ Res 2005;96:1022-9.

Li D, Melnyk P, Feng J, et al. Effects of experimental heart failure on
atrial cellular and ionic electrophysiology. Circulation 2000;101:
2631-8.

Yeh YH, Wakili R, Qi X, Chartier D, Ravens U, Dobrev D, Nattel
S. A unique calcium handling phenotype underlies arrhythmogenesis
and contractile dysfunction in failing canine atrium. Heart Rhythm
2007;4:8156.

Cha TJ, Ehrlich JR, Zhang L, Nattel S. Atrial ionic remodeling
induced by atrial tachycardia in the presence of congestive heart
failure. Circulation 2004;110:1520-6.

Pan CH, Lin JL, Lai LP, Chen CL, Stephen Huang SK, Lin CS.
Downregulation of angiotensin converting enzyme II is associated
with pacing-induced sustained atrial fibrillation. FEBS Lett 2007;
581:526-34.

Lin CS, Lai LP, Lin JL, et al. Increased expression of extracellular
matrix proteins in rapid atrial pacing-induced atrial fibrillation. Heart
Rhythm 2007;4:938—-49.

Bing OH, Ngo HQ, Humpbhries DE, et al. Localization of alphal(I)
collagen mRNA in myocardium from the spontaneously hypertensive
rat during the transition from compensated hypertrophy to failure. J
Mol Cell Cardiol 1997;29:2335—44.

Swynghedauw B. Molecular mechanisms of myocardial remodeling.
Physiol Rev 1999;79:215-62.

Grammer JB, Bohm ], Dufour A, Benz M, Lange R, Bauernschmitt
R. Atrial fibrosis in heart surgery patients decreased collagen III/1
ratio in postoperative atrial fibrillation. Basic Res Cardiol 2005;100:
288-94.

Rossi MA. Pathologic fibrosis and connective tissue matrix in left
ventricular hypertrophy due to chronic arterial hypertension in
humans. ] Hypertens 1998;16:1031-41.

Akar FG, Spragg DD, Tunin RS, Kass DA, Tomaselli GF. Mech-
anisms underlying conduction slowing and arrhythmogenesis in
nonischemic dilated cardiomyopathy. Circ Res 2004;95:717-25.
Akar FG, Nass RD, Hahn S, et al. Dynamic changes in conduction
velocity and gap junction properties during development of pacing
induced heart failure. Am ] Physiol Heart Circ Physiol 2007;293:
H1223-30.

Rucker-Martin C, Milliez P, Tan S, et al. Chronic hemodynamic
overload of the atria is an important factor for gap junction remod-
eling in human and rat hearts. Cardiovasc Res 2006;72:69-79.
Nattel S, Maguy A, Le Bouter S, Yeh YH. Arrhythmogenic
ion-channel remodeling in the heart: heart failure, myocardial infarc-
tion, and atrial fibrillation. Physiol Rev 2007;87:425-56.

Wetzel U, Boldt A, Lauschke ], et al. Expression of connexins 40 and
43 in human left atrium in atrial fibrillation of different aetiologies.
Heart 2005;91:166-70.

Ausma J, van der Velden HM, Lenders MH, et al. Reverse structural
and gap-junctional remodeling after prolonged atrial fibrillation in
the goat. Circulation 2003;107:2051-8.

Aharinejad S, Krenn K, Paulus P, et al. Differential role of TGF-
betal/bFGF and ET-1 in graft fibrosis in heart failure patients. Am J
Transplant 2005;5:2185-92.

Weber KT, Brilla CG, Campbell SE, Guarda E, Zhou G, Sriram K.
Myocardial fibrosis: role of angiotensin II and aldosterone. Basic Res
Cardiol 1993;88 Suppl 1:107-24.

Milliez P, Girerd X, Plouin PF, Blacher ], Safar ME, Mourad JJ.
Evidence for an increased rate of cardiovascular events in patients
with primary aldosteronism. ] Am Coll Cardiol 2005;45:1243-8.
Weber KT, Sun Y, Katwa LC, Cleutjens JP. Tissue repair and
angiotensin II generated at sites of healing. Basic Res Cardiol
1997;92:75-8.

Xiao HD, Fuchs S, Campbell D], et al. Mice with cardiac-restricted
angiotensin-converting enzyme (ACE) have atrial enlargement, car-
diac arrhythmia, and sudden death. Am J Pathol 2004;165:1019-32.
Li D, Shinagawa K, Pang L, et al. Effects of angiotensin-converting
enzyme inhibition on the development of the atrial fibrillation

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

JACC Vol. 51, No. 8, 2008
February 26, 2008:802-9

substrate in dogs with ventricular tachypacing-induced congestive
heart failure. Circulation 2001;104:2608-14.

Sugden PH, Clerk A. Cellular mechanisms of cardiac hypertrophy. J
Mol Med 1998;76:725-46.

Sugden PH, Clerk A. “Stress-responsive” mitogen-activated protein
kinases (c-Jun N-terminal kinases and p38 mitogen-activated protein
kinases) in the myocardium. Circ Res 1998;83:345-52.

Yano M, Kim S, Izumi Y, Yamanaka S, Iwao H. Differential
activation of cardiac c-jun amino-terminal kinase and extracellular
signal-regulated kinase in angiotensin II-mediated hypertension.
Circ Res 1998;83:752-60.

Inoue N, Ohkusa T, Nao T, et al. Rapid electrical stimulation of
contraction modulates gap junction protein in neonatal rat cultured
cardiomyocytes: involvement of mitogen-activated protein kinases
and effects of angiotensin II-receptor antagonist. ] Am Coll Cardiol
2004;44:914-22.

Lijnen PJ, Petrov VV, Fagard RH. Induction of cardiac fibrosis by
transforming growth factor-beta(1). Mol Genet Metab 2000;71:418~
35.

Schultz JJ, Witt SA, Glascock BJ, et al. TGF-betal mediates the
hypertrophic cardiomyocyte growth induced by angiotensin II. J Clin
Invest 2002;109:787-96.

Chen K, Mehta JL, Li D, Joseph L, Joseph J. Transforming growth
factor beta receptor endoglin is expressed in cardiac fibroblasts and
modulates profibrogenic actions of angiotensin II. Circ Res 2004;95:
1167-73.

Lee AA, Dillmann WH, McCulloch AD, Villarreal FJ. Angiotensin
II stimulates the autocrine production of transforming growth factor-
beta 1 in adult rat cardiac fibroblasts. ] Mol Cell Cardiol 1995;27:
2347-57.

Kim S, Ohta K, Hamaguchi A, Yukimura T, Miura K, Iwao H.
Angiotensin II induces cardiac phenotypic modulation and remod-
eling in vivo in rats. Hypertension 1995;25:1252-9.

Kupfahl C, Pink D, Friedrich K, et al. Angiotensin II directly
increases transforming growth factor betal and osteopontin and
indirectly affects collagen mRNA expression in the human heart.
Cardiovasc Res 2000;46:463-75.

Everett AD, Tufro-McReddie A, Fisher A, Gomez RA. Angiotensin
receptor regulates cardiac hypertrophy and transforming growth
factor-beta 1 expression. Hypertension 1994;23:587-92.

Hao J, Wang B, Jones SC, Jassal DS, Dixon IM. Interaction between
angiotensin II and SMAD proteins in fibroblasts in failing heart and
in vitro. Am ] Physiol Heart Circ Physiol 2000;279:H3020-30.
Tokuda K, Kai H, Kuwahara F, et al. Pressure-independent effects of
angiotensin II on hypertensive myocardial fibrosis. Hypertension
2004;43:499-503.

Evans RA, Tian YC, Steadman R, Phillips AO. TGF-betal-
mediated fibroblast-myofibroblast terminal differentiation-the role of
SMAD proteins. Exp Cell Res 2003;282:90-100.

Nakajima H, Nakajima HO, Salcher O, et al. Atrial but not
ventricular fibrosis in mice expressing a mutant transforming growth
factor-beta(1) transgene in the heart. Circ Res 2000;86:571-9.
Verheule S, Sato T, Everett T, et al. Increased vulnerability to atrial
fibrillation in transgenic mice with selective atrial fibrosis caused by
overexpression of TGF-betal. Circ Res 2004;94:1458-65.

Ivarsson M, McWhirter A, Borg TK, Rubin K. Type I collagen
synthesis in cultured human fibroblasts: regulation by cell spreading,
platelet-derived growth factor and interactions with collagen fibers.
Matrix Biol 1998;16:409-25.

Ponten A, Li X, Thoren P, et al. Transgenic overexpression of
platelet-derived growth factor-C in the mouse heart induces cardiac
fibrosis, hypertrophy, and dilated cardiomyopathy. Am ] Pathol
2003;163:673-82.

Ponten A, Folestad EB, Pietras K, Eriksson U. Platelet-derived
growth factor D induces cardiac fibrosis and proliferation of vascular
smooth muscle cells in heart-specific transgenic mice. Circ Res
2005;97:1036—45.

Hinescu ME, Gherghiceanu M, Mandache E, Ciontea SM, Popescu
LM. Interstitial Cajal-like cells (ICLC) in atrial myocardium: ultra-
structural and immunohistochemical characterization. J Cell Mol
Med 2006;10:243-57.

Popescu LM, Gherghiceanu M, Hinescu ME, et al. Insights into the
interstitium of ventricular myocardium: interstitial Cajal-like cells

(ICLC). J Cell Mol Med 2006;10:429-58.



JACC Vol. 51, No. 8, 2008
February 26, 2008:802-9

70

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

. Nag AC. Study of non-muscle cells of the adult mammalian heart: a
fine structural analysis and distribution. Cytobios 1980;28:41-61.
Powell DW, Mifflin RC, Valentich JD, Crowe SE, Saada JI, West
AB. Myofibroblasts. 1. Paracrine cells important in health and
disease. Am ] Physiol 1999;277:C1-9.

Brilla CG, Zhou G, Matsubara L, Weber KT. Collagen metabolism
in cultured adult rat cardiac fibroblasts: response to angiotensin II and
aldosterone. J Mol Cell Cardiol 1994;26:809-20.

Petrov VV, Fagard RH, Lijnen PJ. Stimulation of collagen produc-
tion by transforming growth factor-betal during differentiation of
cardiac fibroblasts to myofibroblasts. Hypertension 2002;39:258-63.
Sun Y, Weber KT. Infarct scar: a dynamic tissue. Cardiovasc Res
2000;46:250—6.

Petrov VV, Fagard RH, Lijnen PJ. Transforming growth factor-
beta(1) induces angiotensin-converting enzyme synthesis in rat car-
diac fibroblasts during their differentiation to myofibroblasts. ] Renin
Angiotensin Aldosterone Syst 2000;1:342-52.

Yokoyama T, Sekiguchi K, Tanaka T, et al. Angiotensin II and
mechanical stretch induce production of tumor necrosis factor in
cardiac fibroblasts. Am J Physiol 1999;276:H1968-76.

Chen MM, Lam A, Abraham JA, Schreiner GF, Joly AH. CTGF
expression is induced by TGF- beta in cardiac fibroblasts and cardiac
myocytes: a potential role in heart fibrosis. ] Mol Cell Cardiol
2000;32:1805-19.

Carver W, Nagpal ML, Nachtigal M, Borg TK, Terracio L.
Collagen expression in mechanically stimulated cardiac fibroblasts.
Circ Res 1991;69:116-22.

Riser BL, Cortes P, Heilig C, et al. Cyclic stretching force selectively
up-regulates transforming growth factor-beta isoforms in cultured rat
mesangial cells. Am J Pathol 1996;148:1915-23.

Schotten U, Neuberger HR, Allessie MA. The role of atrial dilata-
tion in the domestication of atrial fibrillation. Prog Biophys Mol Biol
2003;82:151-62.

MacKenna D, Summerour SR, Villarreal F]. Role of mechanical
factors in modulating cardiac fibroblast function and extracellular
matrix synthesis. Cardiovasc Res 2000;46:257-63.

Kamkin A, Kiseleva I, Lozinsky I, Scholz H. Electrical interaction of
mechanosensitive fibroblasts and myocytes in the heart. Basic Res
Cardiol 2005;100:337—-45.

Cleutjens JP, Verluyten MJ, Smiths JF, Daemen M]. Collagen
remodeling after myocardial infarction in the rat heart. Am ] Pathol
1995;147:325-38.

Zou Y, Akazawa H, Qin Y, et al. Mechanical stress activates
angiotensin II type 1 receptor without the involvement of angiotensin
II. Nat Cell Biol 2004;6:499-506.

Malhotra R, Sadoshima ], Brosius FC, III, Izumo S. Mechanical
stretch and angiotensin II differentially upregulate the renin-
angiotensin system in cardiac myocytes in vitro. Circ Res 1999;85:
137-46.

Barlucchi L, Leri A, Dostal DE, et al. Canine ventricular myocytes
possess a renin-angiotensin system that is upregulated with heart
failure. Circ Res 2001;88:298-304.

Burstein B, Qi XY, Yeh YH, Calderone A, Nattel S. Atrial
cardiomyocyte tachycardia alters cardiac fibroblast function: a novel
consideration in atrial remodeling. Cardiovasc Res 2007;76:442-52.
Pathak M, Sarkar S, Vellaichamy E, Sen S. Role of myocytes in
myocardial collagen production. Hypertension 2001;37:833—40.
Sarkar S, Vellaichamy E, Young D, Sen S. Influence of cytokines and
growth factors in ANG II-mediated collagen upregulation by fibro-
blasts in rats: role of myocytes. Am ] Physiol Heart Circ Physiol
2004;287:H107-17.

Rucker-Martin C, Pecker F, Godreau D, Hatem SN. Dedifferenti-
ation of atrial myocytes during atrial fibrillation: role of fibroblast
proliferation in vitro. Cardiovasc Res 2002;55:38—-52.

Nattel S, Carlsson L. Innovative approaches to anti-arrhythmic drug
therapy. Nat Rev Drug Discov 2006;5:1034-49.

Sakabe M, Fujiki A, Nishida K, et al. Enalapril prevents perpetuation
of atrial fibrillation by suppressing atrial fibrosis and over-expression

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

Burstein and Nattel 809

Atrial Fibrosis and AF

of connexin43 in a canine model of atrial pacing-induced left
ventricular dysfunction. ] Cardiovasc Pharmacol 2004;43:851-9.
Shi Y, Li D, Tardif JC, Nattel S. Enalapril effects on atrial
remodeling and atrial fibrillation in experimental congestive heart
failure. Cardiovasc Res 2002;54:456—61.

LiY, Li W, Yang B, et al. Effects of Cilazapril on atrial electrical,
structural and functional remodeling in atrial fibrillation dogs. ]
Electrocardiol 2007;40:100—6.

Healey ]S, Baranchuk A, Crystal E, et al. Prevention of atrial
fibrillation with angiotensin-converting enzyme inhibitors and angio-
tensin receptor blockers: a meta-analysis. ] Am Coll Cardiol 2005;
45:1832-9.

Nomura M, Kawano T, Nakayasu K, Nakaya Y. The effects of
losartan on signal-averaged P wave in patients with atrial fibrillation.
Int J Cardiol 2007 May 15; [Epub ahead of print].

Klein HU, Goette A. Blockade of atrial angiotensin II type 1
receptors: a novel antiarrhythmic strategy to prevent atrial fibrillation?
J Am Coll Cardiol 2003;41:2205-6.

Kumagai K, Nakashima H, Urata H, Gondo N, Arakawa K, Saku K.
Effects of angiotensin II type 1 receptor antagonist on electrical and
structural remodeling in atrial fibrillation. ] Am Coll Cardiol 2003;
41:2197-204.

Milliez P, Deangelis N, Rucker-Martin C, et al. Spironolactone
reduces fibrosis of dilated atria during heart failure in rats with
myocardial infarction. Eur Heart J 2005;26:2193-9.

Lee KW, Everett TH, Rahmutula D, et al. Pirfenidone prevents the
development of a vulnerable substrate for atrial fibrillation in a canine
model of heart failure. Circulation 2006;114:1703-12.
Shiroshita-Takeshita A, Brundel BJ, Burstein B, et al. Effects of
simvastatin on the development of the atrial fibrillation substrate in
dogs with congestive heart failure. Cardiovasc Res 2007;74:75—84.
Sakabe M, Shiroshita-Takeshita A, Maguy A, et al. Omega-3
polyunsaturated fatty acids prevent atrial fibrillation associated with
heart failure but not atrial tachycardia remodeling. Circulation
2007;116:2101-9.

Shinagawa K, Shi YF, Tardif JC, Leung TK, Nattel S. Dynamic
nature of atrial fibrillation substrate during development and reversal
of heart failure in dogs. Circulation 2002;105:2672-8.

Cha TJ, Ehrlich JR, Zhang L, et al. Dissociation between ionic
remodeling and ability to sustain atrial fibrillation during recovery
from experimental congestive heart failure. Circulation 2004;109:
412-8.

Brilla CG, Janicki JS, Weber KT. Impaired diastolic function and
coronary reserve in genetic hypertension. Role of interstitial fibrosis
and medial thickening of intramyocardial coronary arteries. Circ Res
1991;69:107-15.

Brilla CG, Matsubara L, Weber KT. Advanced hypertensive heart
disease in spontaneously hypertensive rats. Lisinopril-mediated re-
gression of myocardial fibrosis. Hypertension 1996;28:269-75.
Brilla CG, Funck RC, Rupp H. Lisinopril-mediated regression of
myocardial fibrosis in patients with hypertensive heart disease. Cir-
culation 2000;102:1388-93.

Ehrlich JR, Hohnloser SH, Nattel S. Role of angiotensin system and
effects of its inhibition in atrial fibrillation: clinical and experimental
evidence. Eur Heart ] 2006;27:512—8.

Levy BI. Can angiotensin II type 2 receptors have deleterious effects
in cardiovascular disease? Implications for therapeutic blockade of the
renin-angiotensin system. Circulation 2004;109:8-13.

Leone O, Boriani G, Chiappini B, et al. Amyloid deposition as a
cause of atrial remodeling in persistent valvular atrial fibrillation. Eur
Heart ] 2004;25:1237-41.

Rocken C, Peters B, Juenemann G, et al. Atrial amyloidosis: an
arrhythmogenic substrate for persistent atrial fibrillation. Circulation
2002;106:2091-7.

Saito T, Tamura K, Uchida D, et al. Histopathological features of the
resected left atrial appendage as predictors of recurrence after surgery
for atrial fibrillation in valvular heart disease. Circ ] 2007;71:70-8.
Griffin WR, Nelson HG, Seal JR. Hemochromatosis with auricular
fibrillation; a case report. Am Heart J 1950;39:904-8.



	Atrial Fibrosis: Mechanisms and Clinical Relevance in Atrial Fibrillation
	Clinical Relationship Between Atrial Fibrosis and AF
	Ultrastructural Alterations
	Mechanisms of Atrial Fibrosis
	Profibrotic signals
	Cellular mediators

	Therapeutic Implications
	Important Unanswered Questions
	Acknowledgment
	REFERENCES


