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The prevalence and persistence of atrial fibrillation (AF) and the relative inefficacy of the currently
available pharmacotherapy requires development of new treatment strategies. Recent findings have
suggested a mechanistic link between inflammatory processes and the development of AF. Epidemiolo-
gical studies have shown an association between C-reactive protein and both the presence of AF and the
risk of developing future AF. In case–control studies, C-reactive protein is significantly elevated in AF
patients and is associated with successful cardioversion. Moreover, C-reactive protein elevation is
more pronounced in patients with persistent AF than in those with paroxysmal AF. Furthermore,
treatment with glucocorticoids, statins, angiotensin converting enzyme inhibitors, and angiotensin II
receptor blockers seems to reduce recurrence of AF. Part of this anti-arrhythmic effect may be
through anti-inflammatory activity. This article reviews what is known about inflammation in genesis
and perpetuation of AF, the putative underlying mechanisms, and possible therapeutic implications
for the inhibition of inflammation as an evolving treatment modality for AF.
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Introduction

The prevalence and persistence of atrial fibrillation (AF) and
the relative inefficacy of the currently available pharma-
cotherapy requires development of new treatment strat-
egies. Recent findings have demonstrated a mechanistic
link between inflammatory processes and the development
of AF, a link that may be a target for more effective treat-
ment and prevention strategies. The aim of the present
study was to review the literature on inflammation and AF
with emphasis on anti-inflammatory therapies as an evolving
treatment modality.

Methods

A comprehensive literature search was performed on the topics of
AF, atrial flutter, and inflammation. The search was completed
using the PubMed, Webspirs, and ISI web of Knowledge databases,
which include MEDLINE, BIOSIS, EMBASE, and Web of science. The
searches were constrained to articles and abstracts written
in English and published between the year 1990 and April 2005.
The keywords searched were in the categories of ‘text word’
and ‘medical subject heading’ and included: AF, atrial flutter,
inflammation, cytokines, C-reactive protein, interleukin-6, tumour
necrosis factor (TNF), hydroxymethylglutaryl-CoA reductase inhibi-
tors, and glucocorticoids. One hundred and forty-eight abstracts
were reviewed. Additionally, reference lists of identified articles
were reviewed. A total of 69 papers that appeared to meet the

inclusion criteria were retrieved for review. Criteria for inclusion
were: patients or animals with AF or atrial flutter, a marker of
inflammation was specified, and the article or abstract was
written in English. In addition, the present review covers selected
trails on angiotensin converting enzyme inhibitors, ACE-I, angioten-
sin receptor blockers (ARBs) and AF. These studies do not fulfil the
earlier mentioned inclusion criteria as data on markers of inflam-
mation are missing. However, the studies represent an evolving
treatment modality for AF highly relevant in the present context.

Results

Inflammation and AF

Since the 1920s, it has been recognized that the greater the
duration of persistent AF, the more resistant the AF is to
therapy.1 In 1995, Wijffels et al.2 demonstrated in conscious
goats that AF alters the atrial electrophysiological milieu in
a way that AF promotes its own maintenance; ‘AF begets
AF’. The phenomenon was coined ‘atrial remodelling’ indi-
cating electrophysiological and structural alterations that
promote the maintenance and reoccurrence of AF. The
first observation linking atrial remodelling to inflammation
was made by Frustaci et al.3 who in atrial biopsies from 12
patients with lone AF demonstrated a high prevalence of
inflammatory infiltrates, myocyte necrosis, and fibrosis,
whereas biopsies from control patients were normal.
Similar findings have been reported by Nakamura et al.4

and confirmed in an animal model where dogs with sustained
AF demonstrated active atrial perimyocarditis with inflam-
matory infiltrates, lipid degeneration, and fibrosis.5
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Markers of inflammation

A large number of changes, distant from the site of inflam-
mation and involving many organ systems may accompany
inflammation. These systemic changes are referred to as
the acute-phase response, even though they accompany
both acute and chronic inflammatory disorders.6 The
acute-phase response comprises the non-specific physiologi-
cal and biochemical responses to most forms of tissue
damage, infection, inflammation, and malignant neoplasia.
In particular, the synthesis of a number of proteins, acute-
phase proteins, is rapidly up-regulated, principally in the
hepatocytes, under the control of cytokines origination at
the site of pathology.7 An acute-phase protein is defined as
one whose plasma concentration increases or decreases by
at least 25% during inflammatory disorders. Cytokines are
intercellular signalling polypeptides produced by activated
cells. Most cytokines have multiple sources, multiple
targets, and multiple functions. The cytokines that are
produced during and participate in inflammatory processes
are the chief stimulators of acute-phase proteins. The
initial cytokines in the cascade are (named in order)
tumour necrosis factor a (TNF-a), interleukin-6b, inter-
leukin-6 (IL-6), interleukin-1 receptor antagonist, and
soluble TNF-a receptors.8 They are produced by a variety
of cell types, but the most important sources are macro-
phages and monocytes at inflammatory sites.6 C-reactive
protein, named for its capacity to precipitate the somatic
C-polysaccharide of Streptococcus pneumoniae, was the
first acute-phase protein to be described, and is an
exquisitely sensitive systemic marker of inflammation and
tissue damage. Other acute-phase proteins include
proteinase inhibitors and coagulation, complement and
transport proteins, but the only molecule that displays sen-
sitivity, response speed, and dynamic range comparable
with those of C-reactive protein is serum amyloid A (SAA)
protein. The attention focused on C-reactive protein
reflects in part the fact that it is a stable analyte in serum
or plasma and that immunoassys for it are robust, well
standardized, reproducible, and readily available. In cardio-
vascular medicine, high-sensitive C-reactive protein has
received much attention and several studies now support a
link between high-sensitive C-reactive protein and future
risk of coronary events.9 The ‘high sensitivity’ refers to
the lower detection limit of the assay procedures being
used. The actual C-reactive protein analyte, the plasma
protein, being measured is the same regardless of the
assay range. In conclusion, inflammation elicits cytokines,
which stimulates the expression of acute-phase proteins
such as high-sensitive C-reactive protein. Thus, these
markers in serum can provide a window to the inflammatory
status of the individual, otherwise inaccessible in the intact
subject.9

Electrophysiology and inflammation in AF

Theories of the mechanism of AF involve two main pro-
cesses: a triggering mechanism with enhanced automaticity
in one or several rapidly firing atrial or pulmonal foci and the
development of multiple reentrant circuits of various
diameter and conduction velocities in the atria.10 The deve-
lopment and perpetuation of these circuits depends on
the anatomical and electrophysiological substrate of
the atria.11 The anatomical substrate refers to the atrial

architecture (fibrosis, fatty infiltration, etc.), whereas the
electrophysiological substrate refers to electrical inhomo-
geneity (refractory period shortening, loss of rate adap-
tation, prolongation of atrial conduction velocity, etc.).10

Whether initiation of AF activates direct inflammatory
effects or whether the presence of a pre-existing systemic
inflammatory state promotes further persistence of AF
remains unclear.12 Both mechanisms may interrelate indi-
cating that inflammation is not only a response to the
underlying arrhythmic process but also an integral part of
it. Rapid atrial activation has been shown to induce
calcium accumulation within the atrial myocytes leading
to overload and in some cases to the initiation of apoptotic
loss of atrial myocytes.11 Such damage of atrial myocardium
may trigger a low-grade inflammatory response and be part
of a structural remodelling with increased persistence of
AF.13 Alternatively, the presence of systemic inflammation
with increased circulating C-reactive protein may pre-
dispose patients with triggering atrial foci to the develop-
ment of AF. C-reactive protein may have a direct role in
the mediation of local inflammation because of ligand
binding and the ability to activate the classic complement
pathway.14 Local atrial complement activation and hence
tissue damage further amplifies systemic as well as local
inflammation.15 Furthermore, C-reactive protein binds to
phosphocholine, recognizing phospholipid components of
damaged cells and some foreign pathogens16 which can con-
tribute to membrane dysfunction by inhibiting the exchange
of sodium and calcium ions in sacrolemmal vesicles and thus
lead to the development of arrhythmia.17 These mechanisms
may contribute to the association between increased
markers of inflammation and occurrence of AF.

Inflammation and AF post-surgery

The potential role of inflammation in the occurrence of AF
post-surgery has been investigated in studies using different
markers of inflammation (Table 1 ). Initially, an association
between C-reactive protein and arrhythmia was observed
in patients who underwent cardiopulmonary bypass
surgery.14 Apart from changes in acute-phase proteins, the
inflammatory response is characterized by haematopoietic
changes, i.e. anaemia, thrombocytosis, and leukocytosis.
The latter was measured in a study on 181 consecutive
patients who underwent bypass or cardiac valve surgery
and revealed a pronounced and prolonged increase in
white blood cell counts in patients who developed post-
operative AF.18

At the genetic level, Gaudino et al.19 have shown that
the 174G/C IL-6 promotor gene variant appears to modulate
the inflammatory response to surgery and to influence the
development of AF. This observation is an important first
link between a gene promotor polymorphism, the inflamma-
tory response, and the development of AF and thus further
supports the inflammatory hypothesis. However, two study
limitations should be mentioned. First, the study is a post
hoc comparison of data collected in a prospective investi-
gation. Secondly, no association was found between post-
operative AF and C-reactive protein which may be the
expression of low statistical power of the study.

Although the aforementioned studies support the role of
inflammation in the genesis AF in post-surgery patients, it
should be emphasized that several other factors besides

2084 M.D.M. Engelmann and J.H. Svendsen

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/26/20/2083/446740 by U

.S. D
epartm

ent of Justice user on 17 August 2022



from inflammation can contribute to abnormal atrial
conduction and refractoriness as well as to the increased
frequency of triggering events. These include atrial incision,
atrial ischaemia, associated cardiac disease, pericarditis,
increased sympathetic tone, and persistence of atrial
electrical activity during cardioplegia.20

Inflammation and AF in non-post-operative
patients

Two independent clinical trials that appeared almost simul-
taneously were the first to report an association between
C-reactive protein and AF in non-post-operative patients.
The first study was a case–control study21 including 131
patients with atrial arrhythmias. C-reactive protein was
significantly elevated in AF patients and C-reactive protein
elevation was greatest in patients with more persistent AF.
In the second study,22 50 patients with paroxysmal AF
who underwent pharmacological or electrical cardioversion
were compared with age- and sex-matched controls.
C-reactive protein was higher in patients with AF and
significantly associated with successful cardioversion to
sinus rhythm, findings which have been confirmed recently
by others.23 The concept of an association between non-
post-operative AF and inflammation was supported by two
population-based studies,12,24 where C-reactive protein
was not only associated with the presence of AF but also
predicted patients at increased risk for the development
of future AF. Furthermore, an association between elevated
C-reactive protein and the prevalence of AF as well as the
incidence of AF has been confirmed in different study
populations.25,26

Although the studies suggest the existence of an associ-
ation between inflammation and AF, it remains unknown
whether inflammation is a consequence or a cause of AF.
To clarify this issue, Sata et al.27 measured markers of
inflammation before and after pharmacological cardiover-
sion in 15 patients with paroxysmal AF (Table 2 ). Levels of
C-reactive protein, IL-6, and TNF-a were significantly ele-
vated in AF patients when compared with a control group
and remained elevated during the 2 weeks follow-up. On
the basis of these findings, the authors suggest that inflam-
mation is the cause rather than the consequence of AF.
However, the study is limited by small patient sample size

with low statistical power, lack of inflammatory parameters
before the onset of AF, and a short follow-up time. Although
not statistically significant, all markers of inflammation
decreased 14 days after cardioversion compared with levels
before cardioversion and a longer follow-up and/or a larger
sample size may have changed the present findings. Thus,
Acevedo et al.28 reported significantly lower C-reactive
protein in patients with sinus rhythm compared with patients
in AF during a 1 year follow-up study of 68 patients admitted
for newly diagnosed AF.
The fact that elevation was more pronounced in patients

with persistent AF than in those with paroxysmal AF led
Chung et al.21 to propose that the role of inflammation in
AF may be more pathogenetic in promoting persistence
rather than initiation of AF. Recent studies have shown
that C-reactive protein levels predict arrhythmia inducibil-
ity in sterile canine models29 and C-reactive protein levels
have been found to be elevated very early after the onset
of AF in patients with paroxysmal AF.22 Furthermore,
elevated C-reactive protein level at admission was an inde-
pendent predictor of new-onset AF during hospitalization in
patients with acute coronary syndromes.26 On the basis of
these observations, inflammation is probably an integral
part of both the initiation and the perpetuation of AF.

Inflammation and thromboembolism in AF

AF is associated with a prothrombotic or hypercoagulable
state which may increase the risk of stroke and thromboem-
bolism.30 Furthermore, there is an apparent link between
thrombogenesis and inflammation31,32 where increased
levels of inflammatory mediators such as IL-6 and C-reactive
protein are associated with an increased risk of vascular
events.33 The significance of inflammation in the prothrom-
botic state in AF has been investigated in five recent
studies34–38 summarized in Table 3. All five studies report
elevated C-reactive protein or IL-6 in AF patients. In one
study, C-reactive protein and IL-6 were independently
related to indices of the prothrombotic state in AF (e.g.
C-reactive protein to fibrinogen and plasma viscosity, IL-6
to tissue factor).35 In addition, IL-6 was an independent pre-
dictor of vascular events and stroke in AF37 and IL-6 was cor-
related with a point-based score for stroke risk in AF.38

Furthermore, C-reactive protein was associated with

Table 1 Studies on markers of inflammation and occurrence of AF in post-surgery patients

Author Study design Intervention Outcomes Results

Bruins et al.14 Prospective, observational,
19 patients with coronary
artery disease

CABG Complement activation
products

IL-6, C-reactive protein
complement-C-reactive
protein
Clinical symptoms

Peak incidence of arrhythmia
on the second to third post-
operative day coincides
with peak elevation in
C-reactive protein

Gaudino et al.19 Retrospective, observational,
110 patients with coronary
artery disease

CABG 174G/C IL-6 promotor gene
IL-6
Fibrinogen
C-reactive protein AF

Significant correlation
between the 174G/C IL-6
promotor gene, IL-6 levels,
and development of AF

Abdelhadi et al.18 Prospective, observational,
181 patients undergoing
cardiac surgery

CABG and/or
valve surgery

WBC count AF Significant association
between WBC count and
occurrence of AF post-surgery

CABG, coronary artery bypass grafting; WBC, white blood cell.
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spontaneous echocontrast in the left atrium or the left atrial
appendage, which is a well-recognized independent
predictor for stroke and thromboembolism in AF.36

The studies are limited by their cross-sectional or retro-
spective design, small sample sizes, and control groups
which were non-comparable with the patient groups due
to a different distribution of cardiovascular co-morbidities
in the AF groups. Accepting these limitations, the finding
of elevated markers of inflammation in AF patients is con-
sistent with a potential role for inflammation in AF and
the correlations between inflammatory and prothrombotic
indexes support a possible relation between inflammation
and pathogenesis of stroke in AF.

Glucocorticoid therapy and AF

The anti-inflammatory action of glucocorticoids are well
established as one of the major pharmacological uses of
this class of drugs.39 The first observation linking cortico-
steroid treatment with AF comes from a small number of
case reports where high doses of methylprednisolone have
been associated with onset of AF.40–42 In a randomized
placebo-controlled study, Chaney et al.40 examined the
use of methylprednisolone in patients undergoing coronary
artery bypass grafting and found no difference in the inci-
dence of AF between the two groups. The first indication
of a positive effect of corticosteroid treatment on AF

Table 2 Studies on markers of inflammation and occurrence of AF in non-post-operative patients

Author Study design Outcomes Results

Chung et al.21 Retrospective, observational
case–control study, 131 patients
with atrial arrhythmia and 71
control patients

C-reactive protein C-reactive protein was elevated in
AF patients

Stepwise C-reactive protein
elevation with higher AF burden

Dernellis and
Panaretou22

Prospective interventional case–control
study, 50 patients with pAF undergoing
cardioversion and 50 control patients

C-reactive protein
Cardiac rhythm

C-reactive protein was elevated in
pAF

Elevated C-reactive protein1 was
an independent risk factor for
unsuccessful cardioversion

Aviles et al.12 Epidemiologic, cross-sectional study of
5806 subjects; longitudinal study of 5491
subjects followed for 6.9+ 1.6 years

C-reactive protein
Prevalence of AF
Incidence of AF

C-reactive protein independently
associated with baseline AF and
with future development of AF

Maycock et al.24 Epidemiologic, prospective, 347 AF
patients and 2447 control patients

C-reactive protein
Prevalence of AF
Incidence of AF

C-reactive protein significantly
elevated in AF patients;

C-reactive protein independently
predicted an increased risk of AF

Asselbergs et al.25 Epidemiologic, cross-sectional,
8501 subjects

C-reactive protein
Prevalence of AF
Microalbuminuria

C-reactive protein, microalbuminuria,
and the combination of both were
independently associated with AF

Sanchez et al.26 Prospective, observational, 498 patients
with ACS

C-reactive protein
Incidence of AF

Elevated C-reactive protein, an
independent predictor of
new-onset AF

Acevedo et al.28 Prospective, 109 patients with AF, 68
patients were followed for 1 year

C-reactive protein
Prevalence of AF

C-reactive protein elevated in AF
patients compared with control
group at baseline

At follow-up, C-reactive protein in
patients still in AF was significantly
elevated when compared with
patients in SR

Dernellis and
Panaretou17

Prospective, interventional, follow-up
(30 months), 104 patients with persistent
AF randomized to methylprednisolone or
placebo post-cardioversion

Recurrent AF
Permanent AF
C-reactive protein

C-reactive protein was a risk
factor of AF

Methylprednisolone
successfully prevented
recurrent and permanent AF

Sata et al.27 Prospective interventional, follow-up
(14 days); 15 patients with AF
undergoing cardioversion and
11 healthy control patients.

WBC count
C-reactive protein
IL-6
TNF-a

C-reactive protein, IL-6, and TNF-a
were elevated in the AF group
and remained elevated
post-cardioversion

Conway et al.23 Prospective interventional, follow-up
(2 months); 54 patients with AF
undergoing cardioversion and 41
normal subjects

Success of DC
cardioversion

Maintenance of SR
C-reactive protein
IL-6
P-selectin
von Willebrand factor
Tissue factor
Fibrinogen

C-reactive protein was elevated in
AF patients

High C-reactive protein was the
only independent predictor of
cardioversion outcome

No significant relation to cardiac
rhythm at 2 months.

pAF, paroxysmal atrial fibrillation; ACS, acute coronary syndrome; WBC, white blood cell.
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came from a randomized study on 216 patients undergoing
coronary or valvular heart surgery.43 A single dose of dexa-
methasone after the introduction of anaesthesia was associ-
ated with a decreased incidence of new-onset AF in the first
3 days post-surgery. The following limitations are worth
emphasizing: AF was a secondary endpoint with low
statistical power, patients underwent cardiac surgery and
findings cannot readily be extrapolated to the general
population of non-surgical AF patients, and finally, the
investigators did not measure inflammatory mediators
release in response to surgery and the study drug which
makes it impossible to correlate the clinical observations
to inflammation. However, these preliminary clinical
observations was supported by an animal study29 where
prednisone treatment in a canine sterile pericarditis model
significantly attenuated the increase in C-reactive protein,
reduced neutrophil infiltration in the right atrial appendage,
and importantly eliminated atrial arrhythmia inducibility.
Currently, only one study has prospectively assessed the
relationship between C-reactive protein concentrations
during glucocorticoid therapy and recurrence of AF. In the

study by Dernellis and Panaretou17 104 patients with their
first episode of persistent AF were cardioverted (medically
or by DC shock) into normal sinus rhythm and received
propafenone for the entire follow-up time (30 months).
The patients were randomized to either glucocorticoid
(methylprednisolone 16 mg for 4 weeks tapered to 4 mg
during 4 months) or placebo. C-reactive protein levels
were measured during the first hospitalization and after 4
weeks, 4 months, 6 months, and every 6 months afterward
for the duration of the trail. The patients in the glucocorti-
coid group were less likely to develop recurrent AF and
importantly this correlated with a significant decrease in
C-reactive protein levels. Although the study provides
important information, there are some limitations that
must be recognized. First, methylprednisolone was used as
an add on to propafenone and it is not known whether cor-
ticosteroid treatment would have the same benefit when
used as monotherapy or in combination with other anti-
arrhythmic agents. Secondly, the study population consisted
of patients with newly diagnosed AF probably of relatively
short duration. Patients with AF of longer duration will be

Table 3 Inflammation and thromboembolism in AF

Author Study design Outcomes Results

Roldán et al.34 Cross-sectional observation
study of 191 AF patients and
74 age- and sex-matched
control subjects

Anticoagulation and 3 months
follow-up in a subgroup of 43
AF patients

IL-6
E-selectin
F 1þ 2

Elevated levels of IL-6 and
F 1þ2 in AF patients

No association between F 1þ2 and IL-6
IL-6 levels were associated with

previous thromboembolism
Anticoagulation did not change IL-6

levels significantly
Conway et al.35 Cross-sectional observation study

of 106 AF patients and 41
healthy control subjects

C-reactive protein
IL-6
P-selectin
von Willebrand factor
Tissue factor
Fibrinogen
Plasma viscosity
Haematocrit

Elevated levels of C-reactive protein,
IL-6, and plasma viscosity in
AF patients

IL-6 significantly higher among AF
patients at high risk of stroke

IL-6 significantly associated to tissue
factor

C-reactive protein significantly
associated to fibrinogen and plasma
viscosity

No correlation between
C-reactive protein and IL-6

Conway et al.37 Retrospective of 77 AF patients
who were followed for a
median duration of 6.3 years

IL-6
C-reactive protein
Stroke
Death

High IL-6 levels were an independent
predictor of stroke or death

Trends towards increased risk with
high plasma C-reactive protein did
not reach statistical significance

Conway et al.36 Cross-sectional observation study
of 37 AF patients and 37 healthy
control subjects

TEE risk factors
C-reactive protein
IL-6
P-selectin
von Willebrand factor
Tissue factor
Fibrinogen
Plasma viscosity
Haematocrit

C-reactive protein significantly
elevated in AF group

C-reactive protein, P-selectin, and
haematocrit significantly associated
with SEC

Roldán et al.38 Cross-sectional observational study
of 191 consecutive patients with
non-rheumatic AF lasting for
.4 weeks

IL-6
F 1þ 2
Risk score for predicting

stroke or death in AF

The risk score was significantly
correlated with IL-6 levels, but
not F 1þ 2

F 1þ 2, prothrombin fragment 1þ 2, TEE risk factors: dense spontaneous echo contrast in the left atrium (SEC), left atrial appendage thrombus, complex
atheromatous plaque, and left atrial appendage peak emptying velocity.
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expected to have more extensive electrical and structural
changes in the atrial myocardium which may respond less
favourably to anti-inflammatory therapy. Thirdly, C-reactive
protein was not measured using an ultra-sensitive technique
and the reported C-reactive protein levels are not
comparable with C-reactive protein levels obtained using
ultra-sensitive assays.
In spite of these limitations, the study suggests the

intriguing possibility that C-reactive protein lowering
therapy may reduce recurrence of AF and thus opens
the doors for further investigations on C-reactive protein-
lowering drugs, preferentially drugs less burdened with
potential serious side effects such as the corticosteroids.

Hydroxymethyl glutaryl coenzyme A reductase
inhibitor and inflammation

Numerous trials with hydroxymethyl glutaryl coenzyme A
reductase inhibitors, HMG-CoA reductase inhibitors, have
demonstrated a significant reduction in cardiovascular
events.44 Although the majority of the effect can be
ascribed to a beneficial effect on the lipid profile, the
statins have additional non-lipid-mediated effects including
anti-proliferative and anti-inflammatory properties.45 The
anti-inflammatory functions of statins is supported in
several in vitro and in vivo studies and has been reviewed
by a number of authors.46–48 In the present context, the
following properties should be highlighted:

† statins increase the bioavailability of endothelial NO both
by up-regulating endothelial NO synthase and through
antioxidant effects.49,50

† statins can attenuate oxidant-induced mitochondrial
dysfunction in cardiac myocytes.51

† statins down-regulate the activity of G proteins in cardio-
myocytes and thereby influence surrogate markers of
cardiac dysfunction such as atrial natriuretic factor and
myosin light chain-2.52

† statins diminish the expression and function of inflamma-
tory mediators such as IL-6, TNF-a, C-reactive protein,
coclooxygenase 2, and SAA.46

These pleiotropic properties may all be involved in the
anti-arrhythmogenic activity of the HMG CoA reductase
inhibitors. In the context of inflammation, statin therapy
significantly reduces C-reactive protein levels and there is
a dose-related effect. Jialal et al.53 reported a mean
reduction in C-reactive protein levels of 28% in patients
treated with 10 mg atorvastatin/day when compared with
van Wissen et al.54 and recently Nissen et al.55 who reported
reductions in C-reactive protein levels of 45 and 36%,
respectively, during intensive (80 mg/day) atorvastatin
therapy. Furthermore, Node et al.56 observed a significant
decrease in plasma concentrations of both TNF-a and IL-6
in response to simvastatin therapy further supporting the
anti-inflammatory properties of statin therapy.

Hydroxymethylglutaryl coenzyme A reductase
inhibitor and AF

Data on the effect of HMG-CoA reductase inhibitors on AF
are shown in Table 4. Kumagai et al.5 evaluated the effect
of atorvastatin on AF in a canine sterile pericarditis
model. The atorvastatin group had lower C-reactive
protein levels, less pronounced fibrosis in the atrial

myocardium, and a shorter duration of AF. The study
deserves attention as the first study, which evaluates the
role of inflammation on atrial electrophysiological as well
on atrial structural changes. Recently, these findings have
been supported by a study on mongrel dogs subjected to
atrial tachypacing and simvastatin treatment.57 Atrial
tachypacing-induced AF promotion was virtually abolished
and effective refractory period shortening was significantly
suppressed in the simvastatin treated dogs. A major limit-
ation is the animal model which cannot be extrapolated to
AF patients.

Three studies have investigated the association between
statin use and incidence of AF. Two were observational
non-randomized studies. The first demonstrated that
statin therapy reduced the rate of recurrence after
successful cardioversion of the arrhythmia.58 The second
study showed that the use of statins in patients with
coronary artery disease was associated with a reduced risk
of developing AF.59 In contrast to these findings, Tveit
et al.60 in a randomized study found no reduction in the
recurrence of AF after electrical cardioversion in patients
treated with pravastatin 40 mg/day compared with patients
on standard therapy. A limitation in all the three studies is
that none of the studies have measured markers of
inflammation.

In conclusion, data on HMG CoA reductase inhibitors and
AF are sparse and inconclusive. Currently, the most convin-
cing data stem from the animal study by Kumagai et al.5 and
cannot be extrapolated to AF patients.

ACE-I and ARBs in AF

There is growing evidence, both from animal work61–63 and
from clinical studies,64–68 of the involvement of the
angiotensin system in the phatophysiology of AF (Table 5 ).
Recently, Madrid et al.69 have published a meta-analysis of
randomized controlled clinical trails that compared ARBs
and ACE-I with either placebo or conventional therapy in
patients with cardiovascular diseases. The study included
24 849 patients and treatment with ACE-I/ARBs markedly
reduced the risk of development or recurrence of AF (odds
ratio 0.57, with 95% confidence interval 0.39–0.82). There
are multiple possible mechanisms by which ACE-I/ARBs
may have anti-arrhythmic efficacy. These include decrease
of wall stress, modulation of refractoriness, interference
with ion currents, modification of sympathetic tone,
stabilization of electrolyte concentrations, and regression
of myocardial fibrosis.61,70,71 Furthermore, the renin–
angiotensin system has important modulatory activities in
the inflammatory process. Recent work has shown that
angiotensin II has significant pro-inflammatory actions,
inducing the production of reactive oxygen species, inflam-
matory cytokines, and adhesion molekyles.72 In agreement
with these observations, angiotensin II receptor blockade
significantly reduces multiple markers of inflammation
(C-reactive protein, TNF-a, IL-6, and monocyte chemotactic
protein-1) in hypertensive patients.70 Thus, the beneficial
anti-arrhythmic effects of ACE-I/ARBs could be attributed,
at least in part, to their anti-inflammatory action.
However, it should be emphasized that none of the reviewed
studies have shown data on serological markers of
inflammation.
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Conclusion

The idea that inflammatory processes are involved in the
pathogenesis of AF is not new, but has attracted renewed
focus because of combined clinical, epidemiological,
pharmacological, and histological observations. These
observations are as follows:

† histological studies have demonstrated inflammatory
infiltrates in AF patients and in animal models of AF.

† epidemiological studies have shown a solid association
between C-reactive protein and both the presence of AF
and the risk of developing future AF.

† In case–control studies C-reactive protein is significantly
elevated in AF patients and is associated with successful
cardioversion. Moreover, C-reactive protein elevation is
more pronounced in patients with persistent AF than in
those with paroxysmal AF.

† treatment with glucocorticoids, statins, ACE-I, and ARBs
seems to reduce recurrence of AF. Part of this anti-
arrhythmic effect may be through anti-inflammatory
activity.

Although the reviewed studies support the existence of an
association between inflammation and AF, several issues
remain unsolved and require further investigation. A major
limitation is the lack of inflammatory parameters in patients
before the onset of AF; such information requires large

cohort studies which should be encouraged. Secondly, the
currently available data do not answer whether inflam-
mation is an initiator or a perpetuator of AF, i.e. reflects
an epiphenomenon of AF or is a causal pathway. However,
it should be emphasized that both mechanisms may interre-
late indicating that inflammation is not only a response to
the underlying arrhythmic process but also an integral part
of it. Thirdly, although drugs with anti-inflammatory action
seem to reduce the incidence of AF, it is not known
whether these findings are limited to patients with AF of
an inflammatory aetiology. At present, these findings
cannot be extrapolated to the general population of
patients with AF, but require further testing and confir-
mation in larger randomized clinical trials. Furthermore,
the reduction in the incidence of AF observed using drugs
with anti-inflammatory action do not clarify whether
inflammation is a perpetuator or an initiator of AF as
anti-inflammatory drugs would be expected to ameliorate
AF in both circumstances. Finally, the electrophysio-
logical mechanisms by which inflammation promote AF
have not been fully delineated and need further
investigation.
It should be emphasized that although studies of serum

markers of inflammation may provide substantial insight
into the pathophysiology of AF, the clinical utility of measur-
ing these markers remains uncertain. For a novel marker to
have a clinical role, there must be widely available

Table 4 Statin therapy and AF

Author Study design Intervention Outcomes Results

Kumagai et al.5 Blinded, randomized,
interventional canine
sterile pericarditis
model on 20 mongrel
dogs of either sex

Two groups
10 control dogs
10 dogs receiving

atorvastatin

AF duration
AERP
CT
Histology

The atorvastatin group
had significantly
Lower CRP
Shorter duration of AF
Longer AERP
Shorter CT
Less inflammation in

atrial tissues
Tveit et al.60 Randomized, longitudinal

(9 weeks), open-label
multicentre, interventional
study on 114 patients with
AF. 48 h.

Two groups
DC and standard therapy
DC, standard therapy, and

pravastatin 40 mg/day

Recurrence of AF No significant difference
in recurrence rate of AF

Siu et al.58 Retrospective follow-up of
44+ 1 months; 62
patients with lone AF
lasting �3 months

Two groups
DC and standard therapy

(n ¼ 52)
DC, standard therapy, and

statin (n ¼ 10)

Recurrence of AF Significant decrease in
recurrence rate of AF

Young-Xu et al.59 Retrospective follow-up
of �1 year; 449 patients
with CAD5

Two groups
Users of statins (n ¼ 263)
Non-users of statins

(n ¼ 186)

Occurrence of AF Statin therapy was
associated with a
significantly reduced
risk of developing AF

Shiroshita-Takeshita
et al.57

Randomized interventional
study on 39 mongrel dogs

Six groups subjected to
atrial tachypacing for 7 days
Non-paced control group
Paced only group
C-vitamin
E-vitamin
Simvastatin
C-vitamin sustained-

release

Duration of
induced
AF
AERP
CRP

Simvastatin prevented
AF promotion and
significantly attenuated
AERP in right atrium

No effect of vitamin C or E.
No significant change
in CRP

AERP, atrial effective refractory period; CT, intra-atrial conduction time; DC, direct current cardioversion; CAD, coronary artery disease.
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diagnostic test with reproducible assay characteristics
appropriate for patient-related purposes. For the time
being, only high-sensitive C-reactive protein fulfil these
requirements. Furthermore, there must be a consistent
series of prospective studies that indicate that elevation
of a given inflammatory marker predicts future AF. And
finally, whether inflammation per se represents a modifiable
risk factor is currently uncertain, although preliminary data
suggest that several drugs with anti-inflammatory action
seem to reduce the incidence of AF. Keeping these limita-
tions in mind, inflammation may provide a potential target
for pharmacological interruption or reversal of atrial
remodelling and thus form the basis for new, better pharma-
cological approaches for treating AF. As in all cases of
cardiac disease, the best long-term hope lies with therapies
that provide protection against AF by preventing the initial
development of atrial fibrosis and remodelling.73 Given the
fact that the burden of AF will continue to increase as the
population ages and the relative inefficacy of the currently
available pharmacotherapies identifying interventions that

can prevent or postpone the development of AF deserves
high priority.
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26. Sanchez PL, Pabon P, Moriñigo JL, Ledesma C, Martin F, Collado JR,
Cascon M, Martin-Luengo C. Do baseline C-reactive protein levels
predict the new-onset of atrial fibrillation in patients with acute coronary
syndrome? Eur Heart J 2003;24:509.

27. Sata N, Hamada N, Horinouchi T, Amitani S, Yamashita T, Moriyama Y,
Miyahara K. C-reactive protein and atrial fibrillation. Is inflammation a
consequence or a cause of atrial fibrillation? Jpn Heart J 2004; 45:441–445.

28. Acevedo M, Cobalan RL, Perez L, Brayun S, Pereira J, Lira T, Navarrete C.
C-reactive protein in atrial fibrillation: evidence for the presence of
inflammation in the genesis and perpetuation of the arrhythmia. J Am
Coll Cardiol 2003;41:1089.

29. Goldstein RN, Khrestian C, Ryu K, Popoy M, Lamorgese M, Waldo AL,
Van Wagoner DR. CRP levels predicts arrhythmia inducibility and neutro-
phil infiltration in the canine sterile model. (Abstract). Circulation 2003;
108:323, 1522 Suppl. S.

30. Lip G. Does atrial fibrillation confer a hypercoagulable state? Lancet
1995;346:1313–1314.

31. Libby P, Ridker PM, Maseri A. Inflammation and atherosclerosis.
Circulation 2002;105:1135–1143.

32. Ross R. Atherosclerosis—an inflammatory disease. N Engl J Med
1999;340:115–126.

33. Cesari M, Penninx BWJH, Newman AB, Kritchevsky SB, Nicklas BJ,
Sutton-Tyrrell K, Rubin SM, Ding J, Simonsick EM, Harris TB, Pahor M.
Inflammatory markers and onset of cardiovascular events: results from
the health ABC study. Circulation 2003;108:2317–2322.

34. Roldan V, Marin F, Blann AD, Garcia A, Marco P, Sogorb F, Lip GY.
Interleukin-6, endothelial activation and thrombogenesis in chronic
atrial fibrillation. Eur Heart J 2003;24:1373–1380.

35. Conway DSG, Buggins P, Hughes E, Lip GYH. Relationship of interleukin-6
and C-reactive protein to the prothrombotic state in chronic atrial
fibrillation. J Am Coll Cardiol 2004;43:2075–2082.

36. Conway DSG, Buggins P, Hughes E, Lip GYH. Relation of interleukin-6,
C-reactive protein, and the prothrombotic state to transesophageal
echocardiographic findings in atrial fibrillation. Am J Cardiol 2004;
93:1368–1373.

37. Conway DSG, Buggins P, Hughes E, Lip GYH. Prognostic significance of
raised plasma levels of interleukin-6 and C-reactive protein in atrial
fibrillation. Am Heart J 2004;148:462–466.

38. Roldan V, Marin F, Martinez JG, Garcia-Herola A, Sogorb F, Lip GYH.
Relation of interleukin-6 levels and prothrombin fragment 1þ2 to a
point-based score for stroke risk in atrial fibrillation. Am J Cardiol
2005;95:881–882.

39. Schimmer BP, Parker KL. Adrenocorticotropic hormone; adrenocortical
steroids and their synthetic analogs; inhibitors of the synthesis of
adrenocortical hormones. In: Hardman JG, Limbird LE, eds. Goodman
and Gliman’s The Pharmacological Basis of Therapeutics. New York:
McGraw-Hill; 1996. p1459–1485.

40. Chaney MA, Nikolov MP, Blakeman B, Bakhos M, Slogoff S. Pulmonary
effects of methylprednisolone in patients undergoing coronary artery
bypass grafting and early tracheal extubation. Anesth Analg 1998;87:
27–33.

41. McLuckie AE, Savage RW. Atrial fibrillation following pulse methylpredni-
solone therapy in an adult. Chest 1993;104:622–623.

42. Ueda N, Yoshikawa T, Chihara M, Kawaguchi S, Niinomi Y, Yasaki T. Atrial
fibrillation following methylprednisolone pulse therapy. Pediatr Nephrol
1988;2:29–31.

43. Yared JP, Starr NJ, Torres FK, Bashour CA, Bourdakos G, Piedmonte M,
Michener JA, Davis JA, Rosenberger TE. Effects of single dose, postinduc-
tion dexamethasone on recovery after cardiac surgery. Ann Thorac Surg
2000;69:1420–1424.

44. Maron DJ, Fazio S, Linton MF. Current perspectives on statins. Circulation
2000;101:207–213.

45. Sacks FM. High-intensity statin treatment for coronary heart disease.
JAMA 2004;291:1132–1134.

46. Schonbeck U, Libby P. Inflammation, immunity, and HMG-CoA reductase
inhibitors: statins as antiinflammatory agents? Circulation 2004;109:
II–18.

47. Yoshida M. Potential role of statins in inflammation and atherosclerosis.
J Atheroscler Thromb 2003;10:140–144.

48. Kwak BR, Mulhaupt F, Mach F. Atherosclerosis: anti-inflammatory and
immunomodulatory activities of statins. Autoimmunity Reviews
2003;2:332–338.

49. Laufs U, La Fata V, Plutzky J, Liao JK. Upregulation of endothelial nitric
oxide synthase by HMG CoA reductase inhibitors. Circulation
1998;97:1129–1135.

50. Rikitake Y, Kawashima S, Takeshita S, Yamashita T, Azumi H, Yasuhara M,
Nishi H, Inoue N, Yokoyama M. Anti-oxidative properties of fluvastatin, an
HMG-CoA reductase inhibitor, contribute to prevention of atherosclerosis
in cholesterol-fed rabbits. Atherosclerosis 2001;154:87–96.

Inflammation in the genesis and perpetuation of AF 2091

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/26/20/2083/446740 by U

.S. D
epartm

ent of Justice user on 17 August 2022



51. Jones SP, Teshima Y, Akao M, Marban E. Simvastatin attenuates oxidant-
induced mitochondrial dysfunction in cardiac myocytes. Circ Res 2003;
93:697–699.

52. Laufs U, Kilter H, Konkol C, Wassmann S, Bohm M, Nickenig G. Impact of
HMG CoA reductase inhibition on small GTPases in the heart. Cardiovasc
Res 2002;53:911–920.

53. Jialal I, Stein D, Balis D, Grundy SM, Adams-Huet B, Devaraj S. Effect of
hydroxymethyl glutaryl coenzyme a reductase inhibitor therapy on high
sensitive c-reactive protein levels. Circulation 2001;103:1933–1935.

54. vanWissen S, Trip MD, Smilde TJ, de Graaf J, Stalenhoef AFH, Kastelein JJP.
Differential hs-CRP reduction in patients with familial hypercholes-
terolemia treated with aggressive or conventional statin therapy.
Atherosclerosis 2002;165:361–366.

55. Nissen SE, Tuzcu EM, Schoenhagen P, Brown BG, Ganz P, Vogel RA,
Crowe T, Howard G, Cooper CJ, Brodie B, Grines CL, DeMaria AN.
Effect of intensive compared with moderate lipid-lowering therapy on
progression of coronary atherosclerosis: a randomized controlled trial.
JAMA 2004; 291:1071–1080.

56. Node K, Fujita M, Kitakaze M, Hori M, Liao JK. Short-term statin therapy
improves cardiac function and symptoms in patients with idiopathic
dilated cardiomyopathy. Circulation 2003;108:839–843.

57. Shiroshita-Takeshita A, Schram G, Lavoie J, Nattel S. Effect of simvasta-
tin and antioxidant vitamins on atrial fibrillation promotion by atrial-ta-
chycardia remodeling in dogs. Circulation 2004;110:2313–2319.

58. Siu CW, Lau CP, Tse HF. Prevention of atrial fibrillation recurrence by
statin therapy in patients with lone atrial fibrillation after successful
cardioversion. Am J Cardiol 2003;92:1343–1345.

59. Young-Xu Y, Jabbour S, Goldberg R, Blatt CM, Graboys T, Bilchik B,
Ravid S. Usefulness of statin drugs in protecting against atrial fibril-
lation in patients with coronary artery disease. Am J Cardiol 2003;92:
1379–1383.

60. Tveit A, Grundtvig M, Gundersen T, Vanberg P, Semb AG, Holt E,
Gullestad L. Analysis of pravastatin to prevent recurrence of atrial fibril-
lation after electrical cardioversion. Am J Cardiol 2004;93:780–782.

61. Nakashima H, Kumagai K, Urata H, Gondo N, Ideishi M, Arakawa K.
Angiotensin II antagonist prevents electrical remodeling in atrial
fibrillation. Circulation 2000;101:2612–2617.

62. Li D, Shinagawa K, Pang L, Leung TK, Cardin S, Wang Z, Nattel S. Effects
of angiotensin-converting enzyme inhibition on the development of the
atrial fibrillation substrate in dogs with ventricular tachypacing-induced
congestive heart failure. Circulation 2001;104:2608–2614.

63. Cardin S, Li D, Thorin-Trescases N, Leung TK, Thorin E, Nattel S. Evolution
of the atrial fibrillation substrate in experimental congestive heart

failure: angiotensin-dependent and -independent pathways. Cardiovasc
Res 2003;60:315–325.

64. Pedersen OD, Bagger H, Kober L, Torp-Pedersen C. Trandolapril reduces
the incidence of atrial fibrillation after acute myocardial infarction
in patients with left ventricular dysfunction. Circulation 1999;100:
376–380.

65. Madrid AH, Bueno MG, Rebollo J, Marin I, Pena G, Bernal E,
Rodriguez A, Cano L, Cano JM, Cabeza P, Moro C. Use of irbesartan to
maintain sinus rhythm in patients with long-lasting persistent atrial
fibrillation: prospective and randomized study. Circulation 2002;106:
331–336.

66. Ueng KC, Tsai TP, Yu WC, Tsai CF, Lin MC, Chan KC, Chen CY, Wu DJ, Lin CS,
Chen SA. Use of enalapril to facilitate sinus rhythm maintenance
after external cardioversion of long-standing persistent atrial fibrillation.
Results of a prospective and controlled study. Eur Heart J 2003;24:
2090–2098.

67. Vermes E, Tardif JC, Bourassa MG, Racine N, Levesque S, White M,
Guerra PG, Ducharme A. Enalapril decreases the incidence of atrial fibril-
lation in patients with left ventricular dysfunction: insight from the
studies of left ventricular dysfunction (SOLVD) trials. Circulation
2003;107:2926–2931.

68. AnneW,Willems R, Van der Merwe N, Van deWerf F, Ector H, Heidbuchel H.
Atrial fibrillation after radiofrequency ablation of atrial flutter: preven-
tive effect of angiotensin converting enzyme inhibitors, angiotensin II
receptor blockers, and diuretics. Heart 2004;90: 1025–1030.

69. Madrid AH, Peng J, Zamora J, Marin I, Bernal E, Escobar C, Munos-
Tinoco C, Rebollo J, Moro C. The role of angiotensin receptor blockers
and/or angiotensin converting enzyme inhibitors in the prevention of
atrial fibrillation in patients with cardiovascular diseases: meta-analysis
of randomized controlled clinical trials. PACE 2004;27:1405–1410.

70. Lopez B, Querejeta R, Varo N, Gonzalez A, Larman M, Ubago J,
Diez J. Usefulness of serum carboxy-terminal propeptide of procollagen
type I in assessment of the cardioreparative ability of antihypertensive
treatment in hypertensive patients. Circulation 2001;104:286–291.

71. Madrid AH, Escobar C, Rebollo J, Bernal I, Nannini S, Limón L, Peng J,
Moro C. Angiotensin receptor blocker as adjunctive therapy for rhythm
control in atrial fibrillation: results of the irbesartan-amiodarone trial.
Cardiac Electrophysiol Rev 2003;7:243–246.

72. Brasier AR, Recinos A III, Eledrisi MS. Vascular inflammation and the
renin-angiotensin system. Arterioscler Thromb Vasc Biol 2002;22:
1257–1266.

73. Stevenson WG, Stevenson LW. Atrial fibrillation and heart failure—five
more years. N Engl J Med 2004;351:2437–2440.

2092 M.D.M. Engelmann and J.H. Svendsen

D
ow

nloaded from
 https://academ

ic.oup.com
/eurheartj/article/26/20/2083/446740 by U

.S. D
epartm

ent of Justice user on 17 August 2022


