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Abstract
Background: The tripeptide glutathione (L-gamma-glutamyl-cysteinyl-glycine) is essential to cell survival, and deficiency in
cardiac and systemic glutathione relates to heart failure progression and cardiac remodelling in animal models. Accordingly,
we investigated cardiac and blood glutathione levels in patients of different functional classes and with different structural
heart diseases.
Methods: Glutathione was measured using standard enzymatic recycling method in venous blood samples obtained from
91 individuals, including 15 healthy volunteers and 76 patients of New York Heart Association (NYHA) functional class I to IV,
undergoing cardiac surgery for coronary artery disease, aortic stenosis or terminal cardiomyopathy. Glutathione was also
quantified in right atrial appendages obtained at the time of surgery.
Results: In atrial tissue, glutathione was severely depleted (258%) in NYHA class IV patients compared to NYHA class I
patients (P = 0.002). In patients with coronary artery disease, this depletion was related to the severity of left ventricular
dysfunction (P = 0.006). Compared to healthy controls, blood glutathione was decreased by 21% in NYHA class I patients
with structural cardiac disease (P,0.01), and by 40% in symptomatic patients of NYHA class II to IV (P,0.0001). According to
the functional NYHA class, significant depletion in blood glutathione occurred before detectable elevation in blood sTNFR1,
a marker of symptomatic heart failure severity, as shown by the exponential relationship between these two parameters in
the whole cohort of patients (r = 0.88).
Conclusions: This study provides evidence that cardiac and systemic glutathione deficiency is related to the functional
status and structural cardiac abnormalities of patients with cardiac diseases. These data also suggest that blood glutathione
test may be an interesting new biomarker to detect asymptomatic patients with structural cardiac abnormalities.
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(BNP) and the amino-terminal fragment of its precursor hormone
(NT-pro-BNP) secreted in response to myocardial stress have also
received considerable attention as potential screening and prognostic tests for symptomatic, New York Heart Association (NYHA)
class II to IV patients [12–16]. However, neither TNF nor sTNFR1
or BNP peptides do help to the screening of asymptomatic patients
suspected of having a structural heart disease. Only very recently,
circulating MMP-9 has been associated with cardiovascular risk
factors in middle-aged normal population [17].
Exacerbated TNF and sTNFR1 expression is related to systemic
and cardiac glutathione deficiency in animal models of heart

Introduction
Despite considerable advances in treatment, heart failure
remains associated with high morbidity and mortality worldwide
[1–3]. Better identification of asymptomatic individuals with
structural cardiac abnormalities would improve outcomes and
reduce incidence of heart failure.
The pro-inflammatory cytokine tumor necrosis factor-alpha
(TNF) and the cleaved extracellular domain of its type-1 receptor
(sTNFR1) are recognized biomarkers of heart failure severity and
adverse outcomes of the disease [4–11]. B-type natriuretic peptide
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to GSH by glutathione reductase in the presence of NADPH. This
method is simple, convenient, sensitive, accurate and rapid, and can
assay glutathione in whole blood and tissues. In addition, it uses
sulfosalicylic acid for sample preparation, which inhibits gammaglutamyl transferase and limits glutathione loss [27].
sTNFR1 was quantified in whole blood with ELISA kits
(Quantikine, R&D Systems).

failure [18,19], and in advanced heart failing patients [19,20]. In
fact, the antioxidant tripeptide glutathione (L-gamma-glutamyl–
cysteinyl–glycine) is essential for vascular and cardiac function
[19,20], and determines cell survival [21,22].
We hypothesized that functional status and cardiac structural
remodelling of patients were related to glutathione deficiency. The
purpose of the present study was to explore the glutathione levels
in cardiac tissue and blood of patients with cardiac structural
abnormalities in relation to NYHA functional classification, left
ventricular ejection fraction (LVEF) and blood sTNFR1.

Statistical analysis
Results are given as means6sem. Continuous data were
analyzed by Mann-Whitney test or Kruskal-Wallis test combined
with Dunn post-test, as appropriate (Prism, GraphPad Software
Inc). Discontinuous data were analyzed using a Chi square test.
Differences were considered statistically significant at P,0.05 (two
tailed). We determined the cut-off values of blood glutathione and
blood sTNFR1 level to discriminate cardiac patients (NYHA class
I to IV) from healthy controls by constructing receiver operating
characteristics (ROC) curves relating each marker to NYHA class.
Areas under the ROC curves (AUROCs) are given with their 95%
confidence intervals. Cut-off values were chosen to optimize the
couple of values sensitivity/specificity.

Methods
Patients
The study included 76 patients undergoing cardiac surgery
(coronary artery bypass grafting, aortic valve replacement, orthotopic heart transplantation and ventricular assist device implantation) from 2004 to 2007. Clinical data and transthoracic
echocardiographies (Vivid 7, GE, Norway), using american society
of echocardiography recommendations [23], were obtained for all
individuals. To distinguish patients with systolic LV dysfunction
from those with preserved LV function, we used as cut-off value
45% LVEF, which is the mean of the 40–50% range proposed by
the new ESC guidelines [24]. Permanent atrial fibrillation was
defined as long standing atrial fibrillation in which cardioversion
had failed or had been foregone, according to the ESC guidelines
[25]. Venous blood samples and right atrial appendages were
obtained from patients undergoing cardiac surgery for coronary
artery bypass graft or aortic valve replacement with cardiopulmonary bypass. Blood samples only were obtained from patients
undergoing left ventricular assist device implantation. Right atrial
specimen and 2 venous blood samples were taken into cryotubes at
initiation of cardiopulmonary bypass, immediately frozen in liquid
nitrogen and stored at 280uC until use. Patients with sepsis,
endocarditis, renal failure or impaired liver function were excluded.
Fifteen healthy volunteers were recruited by the Centre
d’Investigation Clinique of the Hôpital Henri Mondor. Blood
samples obtained from each fasting volunteer, clinical data, and
transthoracic echocardiographies were processed as described
above for patients. Volunteers included 8 males and 7 females with
mean age of 5264 years (range: 30–70 years), mean LVEF of
61.661.4% (range: 55–68%), mean blood glutathione level of
2.1360.4 (range: 1.84–2.36 mM) and mean blood sTNFR1 level
of 0.2560.01 ng/ml (range: 0.20–0.33 ng/ml).
All patients had given written informed consent before surgical
procedures were performed. All studies are conformed to the
Declaration of Helsinki and were approved by our institutional
ethics committee (AP-HP, Groupe hospitalier Henri-Mondor
Albert-Chenevier, Créteil, F-94010, France).

Results
Clinical and biological characteristics of the patients
The clinical and biological characteristics of the 76 patients
undergoing surgery for dilated cardiomyopathy (transplantation or
mechanical assist device implantation; n = 8), aortic valve stenosis
(AS; n = 25) or coronary artery disease (CAD; n = 43) are reported in
Table 1. Patients with CAD and patients with AS constituted the
two principal groups of our cohort. The three groups had cardiac
structural abnormalities. Patients with CAD and patients with
dilated cardiomyopathy had reduced LVEF while AS patients
displayed significant hypertrophy of septal (ST) and posterior (PWT)
end-diastolic walls but preserved LVEF (Table 1). In the cohort,
22% of the patients were of functional NYHA class I, 31% of NYHA
class II, 29% of NYHA class III and 18% of NYHA class IV. As
compared to healthy controls (mean LVEF of 6261% and mean age
of 5264 years), patients of NYHA class I had a preserved LVEF
(Fig. 1A). In patients of NYHA class II to IV, LVEF declined
progressively, but only patients of NYHA class III and IV had
statistically depressed LVEF, with mean values approaching 4063%
and 2564%, respectively (Fig. 1A), related to a 3- to 5-fold elevation
in blood sTNFR1 level as compared to healthy controls (Fig. 1B).
Of note, mean blood sTNFR1 level in NYHA class I patients was not
statistically different from that of healthy controls (Fig. 1B).

Right atrial glutathione in patients with cardiac disease
Compared to patients of NYHA class I, patients of NYHA class
II and III displayed quite preserved right atrial glutathione content
(Fig. 2). In contrast, patients of NYHA class IV demonstrated a
dramatic 58% depletion in atrial tissue glutathione, dropping to
1.060.2 nmol glutathione/mg tissue to be compared to
2.460.2 nmol glutathione/mg tissue in NYHA class I patients
(P = 0.002) (Fig. 2). Of note, as previously pointed out by Carnes
et al [28], patients with permanent atrial fibrillation displayed a
significant decrease in atrial glutathione content compared to
patients with sinus rhythm (1.160.3 vs 2.160.2 nmol/ mg tissue,
respectively; P,0.05) (Table 1).
Next, we considered separately the two principal CAD and AS
groups of patients, redistributed into 2 subgroups according to their
LV function, after excluding patients with permanent atrial
fibrillation. The subgroup of CAD patients with LVEF decline
(#45%) displayed 40% deficiency in atrial glutathione content

Assays for glutathione and sTNFR1
Atrial tissue samples were cut into 20 mm sections. Homogenates were prepared from 5 frozen sections of each sample by
homogenization at 4uC, in 200 ml of 50 mM Hepes, pH 7.4,
containing protease inhibitors (1 mM PMSF, 2 mg/ ml leupeptin,
2 mg/ ml aprotinin), using a Qiagen TissueLyzer.
Glutathione was measured in atrial homogenates or whole blood
according to a modification of Tietze’s recycling assay [26] as
previously used [18] and as thoroughly described by Rahman et al.
[27]. In short, it is a spectrophotometric/microplate reader assay
method, relying on oxidation of reduced glutathione (GSH) by the
sulfhydryl reagent 5,59-dithio-bis(2-nitrobenzoic acid) (DTNB) to
form the yellow derivative 59-thio-2-nitrobenzoic acid (TNB),
measurable at 405 nm. Glutathione disulfide (GSSG) is recycled
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Table 1. Baseline characteristics of patients undergoing cardiac surgery.

Parameters

All patients

CAD

AS

P-value

Male/ female (n/ n)

60/ 16

37/ 6

15/ 10

0.01

Age (years)

6661

6262

7562

,0.0001

NYHA (mean)

2.360.1

2.260.2

2.660.2

NS

Demographic

NYHA class I (%)

22

31

5

NYHA class II (%)

31

31

42

NYHA class III (%)

29

26

37

NYHA class IV (%)

18

12

16

Clinical
Hypertension (%)

56

64

36

NS

Hypercholesterolemia (%)

56

81

47

0.03

Diabetes mellitus (%)

35

45

17

NS

Permanent atrial fibrillation (%)

12

5

24

0.01

Echocardiographic
LVEF (%)

4562

4562

5364

0.06

LVEDD (mm)

5461

5562

5062

0.04

iLVEDD (mm.cm22)

3061

3061

2961

NS

ST (mm)

11.660.4

10.360.4

13.360.7

0.0001

PWT (mm)

10.860.4

9.860.4

12.160.6

0.002

LA diameter (mm)

4162

4162

4263

NS

Systolic PAP (mm Hg)

4462

4264

4363

NS

Beta-blockers (%)

51

71

22

0.0005

ACE inhibitors (%)

35

50

11

NS

AT-II type 1 R antagonists (%)

21

20

22

NS

Diuretics (%)

48

43

57

NS

Aldosterone antagonists (%)

16

20

9

NS

Statin (%)

60

77

35

0.001

Not urgent surgery, n(%)

83

81

100

0.02

Medication

Surgical

Biochemical
CRP (mg/ l)

1162

1163

1166

NS

Haemoglobin (g/ dl)

13.160.2

13.360.3

12.860.5

NS

Total bilirubin (mg/ dl)

1762

1863

1763

NS

Creatinine (mmol/ l)

10665

10968

10066

NS

CAD: patients with coronary artery diseases; AS: patients with aortic valve stenosis; LVEF: left ventricular ejection fraction; LVEDD: left ventricular end diastolic diameter;
iLVEDD: indexed LVEDD; ST: end-diastolic septal wall thickness; PWT: end-diastolic posterior wall thickness; LAD: left atrial diameter; PAP: pulmonary artery pressure;
CRP: C-reactive protein. In CAD and AS, blood glutathione was not correlated with the age (p = 0.46). Data are given as mean or percentage 6sem. P-values refer to the
comparisons between CAD and AS patients.
doi:10.1371/journal.pone.0004871.t001

compared to the subgroup having preserved LVEF (.45%)
(1.7260.2 vs 2.960.4 nmol glutathione/mg tissue, respectively;
Fig. 3A). Indeed, atrial glutathione in CAD patients was positively
correlated with LVEF (r = 0.48, P = 0.007) (Fig. 3B). In contrast,
atrial glutathione content in AS patients was rather low, independently of the LV function (2.260.5 and 2.460.3 nmol glutathione/
mg tissue for .45% and #45% LVEF, respectively; Fig. 3A).

NYHA class II to IV displayed larger depletion in blood glutathione
(P = 0.005) with a mean 40% decrease below the control value
(P,0.0001). When considering separately the two CAD and AS
groups of patients, blood glutathione level was found significantly
lower than that of healthy controls, independently of the LVEF value
(Fig. 4B).The decrease in blood glutathione was exponentially
correlated with the increase in blood sTNFR1 level in the whole
cohort of patients (r = 0.88; Fig. 5). Interestingly, significant
depletion in blood glutathione occurred before detectable elevation
in blood sTNFR1. To examine, whether or not ageing might
influence our findings, patients were divided into two groups,
younger patients (#65 years) and older patients (.65 years). The

Blood glutathione deficiency in patients with cardiac disease
Compared to healthy controls, patients of NYHA class I displayed
a significant 21% decrease in blood glutathione (P,0.0001)
(Fig. 4A). Compared to patients of NYHA class I, patients of
PLoS ONE | www.plosone.org
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Figure 2. Relation between atrial tissue glutathione content
and NYHA class in cardiac patients. Atrial tissue glutathione
content was significantly decreased in symptomatic patients of NYHA
class IV compared to asymptomatic patients of NYHA class I. *P,0.05 vs
NYHA class I.
doi:10.1371/journal.pone.0004871.g002

100%. Using these thresholds, the composite index {glutathione,1.835 mM or sTNFR1$0.33 nmol/ml} vs {glutathione$1.835 mM and sTNFR1,0.33 nmol/ml} discriminated between patients and controls with an improved sensitivity of 88.7%
and a conserved 100% specificity. This result confirms the
complementarity between both markers for discriminating patients
from healthy controls. In fact, blood glutathione decrease allowed
identification of NYHA class I patients from controls, whereas a
large increase in blood sTNFR1 characterized patients of NYHA
class IV.

Discussion
The new findings of our study are twofold. Firstly, asymptomatic patients of NYHA I class display significantly deficiency in
blood glutathione level compared to healthy controls. Blood
glutathione deficiency worsens in patients of NYHA class II to IV
in relation to blood sTNFR1 elevation, a marker of heart failure.
Secondly, glutathione content in the atrial tissue is diminished by
58% in NYHA class IV patients compared to NYHA class I
patients, and the degree of its decrease in CAD patients correlates
with LVEF decline.
To our knowledge, our study is the first to show that blood
glutathione deficiency correlates with the severity of heart failure
symptoms in patients. Oxidative stress is a recognized contributor
to heart failure progression [29,30], and previous studies have
pointed out changes in the redox status of glutathione in the failing
heart. However, they have overlooked a possible deficiency in total
glutathione content [31]. The originality of the present study was
to investigate this issue in a context of identifying a possible marker
of cardiac disease severity with possible implication in clinical
stratification.
sTNF and its receptors sTNFR1 and sTNFR2 are proinflammatory molecules, the blood levels of which are associated
with oxidative stress and are predictive of heart failure adverse
outcomes [4,6,9,11]. In keeping with previous reports, we observe
a progressive increase in blood sTNFR1 level with increasing
NYHA class in our patients. Blood sTNFR1 was inversely and
exponentially correlated with blood glutathione, illustrating the

Figure 1. Relations between LVEF or blood sTNFR1 level and
NYHA class in cardiac patients and healthy controls. The cohort
displayed standard relations between functional NYHA class and LVEF
(A) or blood sTNFR1 level (B). LVEF: left ventricular ejection fraction.
sTNFR1: cleaved extracellular domain of TNFR1. Linear trends P,0.0001.
*P,0.05 vs healthy controls (C). {P,0.05 vs NYHA class I; {P,0.05 vs
NYHA class II; $P,0.05 vs NYHA class III.
doi:10.1371/journal.pone.0004871.g001

level of blood glutathione was not related with the age of the patients,
approaching 1.561 mM in younger patients (#65 years, mean age
of 5561 years) and 1.460.1 mM in older patients (.65 years, mean
age of 7461 years). The relation between blood glutathione and
sTNFR1 persisted whatever the age of the patients was (Fig. 5).
ROC curve analysis for discriminating NYHA class I–IV
patients from healthy controls was done for each sTNFR1 and
blood glutathione marker. The optimal cut-off value of sTNFR1
level was 0.33 ng/ml with an AUROC-95%CI: 0.95 [0.9–1], a
sensitivity of 85.5% and a specificity of 100%. The optimal cut-off
value of blood glutathione level was 1.835 mM with an AUROC95%CI: 0.94 [0.89–0.99], a sensitivity of 81.5% and a specificity of
PLoS ONE | www.plosone.org
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Figure 4. Blood glutathione level in cardiac patients and in the
subgroups of patients with coronary artery diseases (CAD) or
aortic stenosis (AS). (A) In patients undergoing cardiac surgery, the
decrease in blood glutathione level was related to NYHA class (linear
trend P,0.0001). (B) Compared to healthy controls, blood glutathione
level in the CAD and AS subgroups of patients was depleted,
independently of the LVEF value. *P,0.05 vs healthy controls (C);
{P,0.05 vs NYHA class I.
doi:10.1371/journal.pone.0004871.g004

Figure 3. Atrial tissue glutathione content in patients with
coronary artery diseases (CAD) or aortic stenosis (AS),
according to preserved LVEF (.45%) or depressed LVEF
(#45%). Patients with permanent atrial fibrillation were excluded. (A)
Deficiency in atrial tissue glutathione was related to LV dysfunction in
CAD patients. In contrast, atrial glutathione was rather low in AS
patients, independently of the LVEF value. *P,0.05 vs LVEF.45%. (B) In
CAD patients, atrial tissue glutathione content correlated significantly
with the LVEF value (r = 0.45, P = 0.006).
doi:10.1371/journal.pone.0004871.g003

We have previously reported that LV of patients with end-stage
cardiomyopathies, undergoing orthotopic heart transplant or
ventricular assist device, is depleted by 54% in gluthatione
compared to control LV [19]. In the present study, we have used
atrial appendage as a surrogate for LV tissue. We recognize that
atrium does not undergo same physiological requests and stresses
as the LV. However, atrial appendage is accessible in patients with
a large range of symptoms and with different cardiac diseases.
Interestingly atrial glutathione content is depleted by 58% in
NYHA class IV patients compared with NYHA class I patients,
which is a drop similar to that found in end-stage failing LV. A
previous study has also reported that hemodynamic impairment in
both right and left ventricles of patients with heart failure
subsequent to myocardial infarction correlates with a decrease in
glutathione antioxidant efficiency [31]. Accordingly in the present
study, LVEF decline is associated with atrial glutathione deficiency

early decrease in systemic glutathione in the course of the cardiac
disease. One may also note that deficiency in systemic glutathione
in cardiac patients occurs well before the drop in cardiac tissue
glutathione. Several studies provide evidence for a close
relationship between blood glutathione decrease and the pathogenesis of different inflammatory chronic diseases [22,32]. In fact,
systemic glutathione provides many tissues in the body, and its
deficiency is likely to affect vital functions including resistance to
oxidative stress, mitochondrial function and integrity, immune
response and cell survival [33]. In the cardiac myocyte,
glutathione deficiency fuels a vicious TNF/ sTNFR1/ oxidative
stress/ neutral sphingomyelinase/ apoptosis cycle [18,19,34–36].
Accordingly, early deficiency in systemic glutathione is likely to
contribute to the progression of the cardiac disease.
PLoS ONE | www.plosone.org

5

March 2009 | Volume 4 | Issue 3 | e4871

Glutathione in Heart Diseases

glutathione precursor, N-acetylcysteine (NAC) [37]. Taken
together, these results suggest that glutathione deficiency impinges
on the whole damaged heart. They also suggest that glutathione
supplementation may improve cardiac cell preservation in cardiac
diseases, and be a complement to contemporary treatments.
It should be mentioned that the present study is limited by the
relatively small cohort size. In addition, although our results
provide some evidence that the concomitant use of blood
glutathione and blood sTNFR1 tests may improve the sensitivity
of cardiac patient diagnostic, further comparison between blood
glutathione and biomarkers of heart failure other than sTNFR1, in
particular serum BNP peptides, is needed. Indeed, this was not
possible in the present study in which only frozen blood samples
were available. The present study did not either examine the
prognostic impact of blood glutathione.
In conclusion, although further studies are needed to verify the
diagnostic and/ or predictive value of blood glutathione in heart
failure as a part of a multi marker panel test, this study provides
evidence that cardiac and systemic glutathione deficiency is related
with the functional status and the structural cardiac abnormalities
of patients with cardiac diseases. These data also encourage the
development of blood glutathione test as a possible new diagnostic
tool for detecting asymptomatic patients with structural cardiac
abnormalities.

Figure 5. Correlation between blood glutathione and blood
sTNFR1 levels in cardiac patients and healthy controls. Blood
glutathione level decrease was exponentially correlated with elevation
in blood sTNFR1 level in the whole cohort of patients (r = 0.88). Open
squares: controls; open circles: younger patients #65 years (mean
age = 5561 years; r = 0.88); closed circles: older patients .65 years
(mean age = 7461 years; r = 0.87).
doi:10.1371/journal.pone.0004871.g005
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G. Guellaën for his permanent support.

Author Contributions
Conceived and designed the experiments: TD MK LK PLC JLDR LH CP
FP. Performed the experiments: TD MK LK PC PLC FP. Analyzed the
data: TD MK LK PC PLC FRT LH CP FP. Contributed reagents/
materials/analysis tools: TD MK PLC JLDR FP. Wrote the paper: TD
MK LK FRT LH CP FP.

References
11. Isaac DL (2008) Biomarkers in heart failure management. Curr Opin Cardiol
23: 127–133.
12. Maisel A, Hollander JE, Guss D, McCullough P, Nowak R, et al. (2004) Primary
results of the Rapid Emergency Department Heart Failure Outpatient Trial
(REDHOT). A multicenter study of B-type natriuretic peptide levels, emergency
department decision making, and outcomes in patients presenting with shortness
of breath. J Am Coll Cardiol 44: 1328–1333.
13. Morrow DA, de Lemos JA, Blazing MA, Sabatine MS, Murphy SA, et al. (2005)
Prognostic value of serial B-type natriuretic peptide testing during follow-up of
patients with unstable coronary artery disease. Jama 294: 2866–2871.
14. Nishii M, Inomata T, Takehana H, Naruke T, Yanagisawa T, et al. (2008)
Prognostic utility of B-type natriuretic peptide assessment in stable low-risk
outpatients with nonischemic cardiomyopathy after decompensated heart
failure. J Am Coll Cardiol 51: 2329–2335.
15. Pfister R, Scholz M, Wielckens K, Erdmann E, Schneider CA (2004) Use of
NT-proBNP in routine testing and comparison to BNP. Eur J Heart Fail 6:
289–293.
16. Tang WH, Francis GS, Morrow DA, Newby LK, Cannon CP, et al. (2007)
National Academy of Clinical Biochemistry Laboratory Medicine practice
guidelines: Clinical utilization of cardiac biomarker testing in heart failure.
Circulation 116: e99–109.
17. Garvin P, Nilsson L, Carstensen J, Jonasson L, Kristenson M (2008) Circulating
matrix metalloproteinase-9 is associated with cardiovascular risk factors in a
middle-aged normal population. PLoS ONE 3: e1774.
18. Bourraindeloup M, Adamy C, Candiani G, Cailleret M, Bourin MC, et al.
(2004) N-acetylcysteine treatment normalizes serum tumor necrosis factor-alpha
level and hinders the progression of cardiac injury in hypertensive rats.
Circulation 110: 2003–2009.
19. Adamy C, Mulder P, Khouzami L, Andrieu-Abadie N, Defer N, et al. (2007)
Neutral sphingomyelinase inhibition participates to the benefits of Nacetylcysteine treatment in post-myocardial infarction failing heart rats. J Mol
Cell Cardiol 43: 344–353.

1. McCullough PA, Philbin EF, Spertus JA, Kaatz S, Sandberg KR, et al. (2002)
Confirmation of a heart failure epidemic: findings from the Resource Utilization
Among Congestive Heart Failure (REACH) study. J Am Coll Cardiol 39: 60–69.
2. Cleland JG, Swedberg K, Follath F, Komajda M, Cohen-Solal A, et al. (2003)
The EuroHeart Failure survey programme– a survey on the quality of care
among patients with heart failure in Europe. Part 1: patient characteristics and
diagnosis. Eur Heart J 24: 442–463.
3. Jourdain P, Jondeau G, Funck F, Gueffet P, Le Helloco A, et al. (2007) Plasma
brain natriuretic peptide-guided therapy to improve outcome in heart failure:
the STARS-BNP Multicenter Study. J Am Coll Cardiol 49: 1733–1739.
4. Ferrari R, Bachetti T, Confortini R, Opasich C, Febo O, et al. (1995) Tumor
necrosis factor soluble receptors in patients with various degrees of congestive
heart failure. Circulation 92: 1479–1486.
5. Nozaki N, Yamaguchi S, Shirakabe M, Nakamura H, Tomoike H (1997)
Soluble tumor necrosis factor receptors are elevated in relation to severity of
congestive heart failure. Jpn Circ J 61: 657–664.
6. Keith M, Geranmayegan A, Sole MJ, Kurian R, Robinson A, et al. (1998)
Increased oxidative stress in patients with congestive heart failure. J Am Coll
Cardiol 31: 1352–1356.
7. Rauchhaus M, Doehner W, Francis DP, Davos C, Kemp M, et al. (2000) Plasma
cytokine parameters and mortality in patients with chronic heart failure.
Circulation 102: 3060–3067.
8. Deswal A, Petersen NJ, Feldman AM, Young JB, White BG, et al. (2001) Cytokines
and cytokine receptors in advanced heart failure: an analysis of the cytokine
database from the Vesnarinone trial (VEST). Circulation 103: 2055–2059.
9. Mann DL (2002) Inflammatory mediators and the failing heart. Past, present,
and the foreseeable future. Circ Res 91: 988–998.
10. Valgimigli M, Ceconi C, Malagutti P, Merli E, Soukhomovskaia O, et al. (2005)
Tumor necrosis factor-alpha receptor 1 is a major predictor of mortality and
new-onset heart failure in patients with acute myocardial infarction: the
Cytokine-Activation and Long-Term Prognosis in Myocardial Infarction (CALPHA) study. Circulation 111: 863–870.

PLoS ONE | www.plosone.org

6

March 2009 | Volume 4 | Issue 3 | e4871

Glutathione in Heart Diseases

27. Rahman I, Kode A, Biswas SK (2006) Assay for quantitative determination of
glutathione and glutathione disulfide levels using enzymatic recycling method.
Nat Protoc 1: 3159–3165.
28. Carnes CA, Janssen PM, Ruehr ML, Nakayama H, Nakayama T, et al. (2007)
Atrial glutathione content, calcium current, and contractility. J Biol Chem 282:
28063–28073.
29. Mallat Z, Philip I, Lebret M, Chatel D, Maclouf J, et al. (1998) Elevated levels of
8-iso-prostaglandin F2alpha in pericardial fluid of patients with heart failure: a
potential role for in vivo oxidant stress in ventricular dilatation and progression
to heart failure. Circulation 97: 1536–1539.
30. Giordano FJ (2005) Oxygen, oxidative stress, hypoxia, and heart failure. J Clin
Invest 115: 500–508.
31. Hill MF, Singal PK (1997) Right and left myocardial antioxidant responses
during heart failure subsequent to myocardial infarction. Circulation 96:
2414–2420.
32. Lang CA, Mills BJ, Mastropaolo W, Liu MC (2000) Blood glutathione decreases
in chronic diseases. J Lab Clin Med 135: 402–405.
33. Wu G, Fang YZ, Yang S, Lupton JR, Turner ND (2004) Glutathione
metabolism and its implications for health. J Nutr 134: 489–492.
34. Amadou A, Nawrocki A, Best-Belpomme M, Pavoine C, Pecker F (2002)
Arachidonic acid mediates dual effect of TNF-alpha on Ca(2+) transients and
contraction of adult rat cardiomyocytes. Am J Physiol Cell Physiol 282:
C1339–1347.
35. Cailleret M, Amadou A, Andrieu-Abadie N, Nawrocki A, Adamy C, et al. (2004)
N-acetylcysteine prevents the deleterious effect of tumor necrosis factor-(alpha)
on calcium transients and contraction in adult rat cardiomyocytes. Circulation
109: 406–411.
36. Defer N, Azroyan A, Pecker F, Pavoine C (2007) TNFR1 and TNFR2 signaling
interplay in cardiac myocytes. J Biol Chem 282: 35564–35573.
37. Ozaydin M, Peker O, Erdogan D, Kapan S, Turker Y, et al. (2008) Nacetylcysteine for the prevention of postoperative atrial fibrillation: a prospective,
randomized, placebo-controlled pilot study. Eur Heart J 29: 625–631.

20. Yucel D, Aydogdu S, Cehreli S, Saydam G, Canatan H, et al. (1998) Increased
oxidative stress in dilated cardiomyopathic heart failure. Clin Chem 44:
148–154.
21. Haddad JJ, Harb HL (2005) L-gamma-Glutamyl-L-cysteinyl-glycine (glutathione; GSH) and GSH-related enzymes in the regulation of pro- and antiinflammatory cytokines: a signaling transcriptional scenario for redox(y)
immunologic sensor(s)? Mol Immunol 42: 987–1014.
22. Franco R, Schoneveld OJ, Pappa A, Panayiotidis MI (2007) The central role of
glutathione in the pathophysiology of human diseases. Arch Physiol Biochem
113: 234–258.
23. Schiller NB, Shah PM, Crawford M, DeMaria A, Devereux R, et al. (1989)
Recommendations for quantitation of the left ventricle by two-dimensional
echocardiography. American Society of Echocardiography Committee on
Standards, Subcommittee on Quantitation of Two-Dimensional Echocardiograms. J Am Soc Echocardiogr 2: 358–367.
24. Dickstein K, Cohen-Solal A, Filippatos G, McMurray JJ, Ponikowski P, et al.
(2008) ESC guidelines for the diagnosis and treatment of acute and chronic heart
failure 2008: the Task Force for the diagnosis and treatment of acute and
chronic heart failure 2008 of the European Society of Cardiology. Developed in
collaboration with the Heart Failure Association of the ESC (HFA) and endorsed
by the European Society of Intensive Care Medicine (ESICM). Eur J Heart Fail
10: 933–989.
25. Fuster V, Ryden LE, Cannom DS, Crijns HJ, Curtis AB, et al. (2006) ACC/
AHA/ESC 2006 guidelines for the management of patients with atrial
fibrillation-executive summary: a report of the American College of Cardiology/American Heart Association Task Force on Practice Guidelines and the
European Society of Cardiology Committee for Practice Guidelines (Writing
Committee to Revise the 2001 Guidelines for the Management of Patients with
Atrial Fibrillation). Eur Heart J 27: 1979–2030.
26. Tietze F (1969) Enzymic method for quantitative determination of nanogram
amounts of total and oxidized glutathione: applications to mammalian blood and
other tissues. Anal Biochem 27: 502–522.

PLoS ONE | www.plosone.org

7

March 2009 | Volume 4 | Issue 3 | e4871

