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Abstract
Background: Atrial remodeling has emerged as the structural basis for the maintenance and recurrence of atrial
fibrillation. Lactate signaling cascade was recently linked to some cardiovascular disorders for its regulatory
functions to myocardial structural remodeling. It was hypothesized that lactate signaling cascade was involved in
the maintenance and recurrence of atrial fibrillation by regulating atrial structural remodeling.
Methods: Biopsies of right atrial appendage and clinical data were collected from sex- and age-matched 30
persistent atrial fibrillation, 30 paroxysmal atrial fibrillation, 30 sinus rhythm patients undergoing isolated mitral valve
surgery and 10 healthy heart donors.
Results: Atrial fibrillation groups had higher atrial lactate expression and this upregulated expression was positively
correlated with regulatory indicators of atrial structural remodeling as reflected by severe oxidative stress injury and
mitochondrial control of apoptosis.
Conclusions: The present findings suggest a potential role for lactate signaling cascade in the maintenance and
recurrence of atrial fibrillation and possibly represent new targets for therapeutic intervention in this disorder.

Background
Atrial fibrillation (AF) is the most common clinically
encountered arrhythmia associated with substantial
cardiovascular morbidity and mortality [1]. It is present
in up to 50% of patients with mitral valve disease, contributing to increased risks of systemic embolization,
anticoagulant-related hemorrhage and congestive heart
failure [2]. In spite of significant progress in AF treatment, the currently available therapeutic approaches
have revealed major intrinsic weaknesses, including
limited long-term efficacy and numerous side effects
[3]. Most frequently, the notion of “upstream therapy”,
targeting the processes involved in the development of
the substrate of AF, has increasingly become the focus
of attempts at therapeutic innovation. Successful development of “upstream therapy” depends on our ability
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to understand the pathophysiological mechanisms underlying AF [4].
The fundamental mechanism underlying AF is primarily characterized by electrical remodeling, but limited success rates and uncertain long-term outcomes of
current therapies based on this hypothesis, indicate
that apart from electrical remodeling other factors are
also involved in development of AF [5]. In the recent
decade, increasing experimental studies and clinical investigations have demonstrated that, in addition to
electrical remodeling, atrial structural remodeling, especially inflammation, interstitial fibrosis, myocardial
apoptosis and oxidative stress, occurs in maintenance
and recurrence of AF, creating more favorable substrates for AF [6]. Therefore, targeting the regulation of
atrial structural remodeling may be a promising therapeutic direction.
In conventional wisdom, lactate, the end product of
glycolysis, is formed as the result of oxygen insufficiency
and utilized under fully aerobic conditions in contracting
cardiac muscle. However, rapid progress in ongoing
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research has shown discordant results with the prevailing
view. It is now known that lactate is produced continuously under fully aerobic condition and functions as a cell
signaling molecule regulation cellular redox state [7].
Under physiological conditions the heart utilizes lactate
for oxygen consumption, but during pathological conditions, production of lactate increases several fold [8]. The
excessive increased lactate stimulates reactive oxygen
species (ROS) generation by activation several related
transcription factors result in myocardial structural remodeling including oxidative stress and mitochondrial
control of apoptosis, which named as lactate signaling cascade [9]. Significant association was identified between
lactate signaling cascade and cardiovascular diseases such
as ischemic-reperfusion injury [10] and volume overload
[11] or myocardial infarction [12] induced heart failure.
Therefore, we hypothesized that the lactate signaling
cascade was involved in development and perpetuation
of AF by regulating atrial structural remodeling. To test
this hypothesis, in the present study we measured lactate
signaling cascade in right atrial appendage (RAA) tissues
of AF and sinus rhythm (SR) patients matched with normal control (NC), and the positive results may be useful
in designing targets for future upstream therapy.
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VIVID5, General Electric Medical, Wisconsin, USA).
As for the recommendation of the American Society of
Echocardiography, the left ventricle dimension was
evaluated using left ventricular end-diastolic and endsystolic diameters. Left ventricular ejection fraction
was assessed by means of M-mode echocardiography
(Teichholtz method) and atrial dimension was measured in the parasternal long axis view at endsystole.
Pulmonary artery systolic pressure was derived from
the regurgitant jet of tricuspid regurgitation using systolic transtricuspid pressure gradient calculated by the
modified Bernoulli equation (ΔP=4v2, where v is maximal tricuspid regurgitant jet velocity in m/s) and the
addition of 10 mm Hg for right atrial pressure as previously performed. All measurements were performed by
2 observers.
Tissue collection

RAA tissue of each patient was obtained from the cannulation site before starting extracorporeal circulation.
Sampling site was the same because of surgical maneuver. RAA specimens were obtained from donor hearts
before perfusion.
Mitochondrial isolation

Methods
Patients

We have built a biobank for AF research in the First
Affiliated Hospital of Nanjing Medical University since
November 2007 [13,14]. The present study was conducted according to the Helsinki Declaration and approved by the ethics committees of Nanjing Medical
University. Only if a patient gave written informed consent, we could collect his atrial tissue during surgery
and detail clinical data.
In the present study, we included the patients undergoing isolated mitral valve surgery and excluded some of
them as follows: 1) patients who exceeded 65 years old
or had a history of cancer; 2) patients with concomitant
coronary artery disease; 3) patients with aortic or valvular calcification; 4) patients who suffered bacterial endocarditis or had detected rheumatic activity; 5) patients
with complicated diabetes or renal dysfunction (serum
creatinine>136 μmol/L). Finally, we recruited 30 patients
with preoperative paroxysmal atrial fibrillation (PaAF)
and 30 sex- and age-matched patients with persistent
atrial fibrillation (PeAF) and SR. NC were 10 sex- and
age-matched healthy heart donors. They were trauma
victims and were free of cardiovascular pathology and
documented AF.

Fresh RAA tissue was immediately washed with prechilled
isolation buffer containing 220 mM mannitol, 70 mM sucrose, and 5 mM MOPS, pH 7.4. The RAA tissue was
then minced and homogenized by a motor-driven Teflon
pestle in the isolation buffer. The homogenate was
centrifuged at 500 g for 10 min at 4°C, and supernatant
was collected by passing it through cheesecloth. The filtrate was centrifuged at 5,000 g for 10 min at 4°C. The pellet was washed again with isolation buffer and gently
resuspended in respiration buffer (225 mM mannitol, 70
mM sucrose, 10 mM KH2PO4, and 1 mM EGTA, pH
7.2). Protein concentration of the mitochondria preparation was determined by the Lowry method.
Lactate and ROS measurements

Atrial lactate expression was determined according to
the method [15] that depends on oxidation of lactate by
lactate dehydrogenase in the presence of nicotinamide
adenine dinucleotide (NAD+). The formed NADH was
measured at 340 nm. Results were expressed as μmol/g
wet tissue. Atrial lipid peroxidation products were estimated by determination of the thiobarbituric acid reactive substances (TBARS) [16] that were measured as
malondialdehyde and expressed as ng/mg wet tissue.
Western blot

Echocardiographic evaluation

Before surgery, each patient received comprehensive transthoracic echocardiographic examination (GE

Frozen RAA or cardiac mitochondria were used for protein isolation as described previously [17]. Briefly, the
proteins were separated by SDS-PAGE and transferred
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onto polyvinylidene difluoride membranes (Amersham).
The membranes were incubated with the appropriate
primary antibodies anti-cytochrome-c, anti-cleavedcaspase9, anti-cleaved-caspase3, anti-COx-IV (Cell Signaling Technology), anti-Monocarboxylate transporter 1
(MCT1) (Chemicon International), GAPDH (Santa Cruz)
followed by incubation with peroxidase-conjugated secondary antibodies. The signals were detected with the
ECL system (Pierce). The same membranes were probed
with anti-beta-actin (Sigma) after being washed with stripping buffer. The signals were quantified by scanning
densitometry with the Image J analysis system. The results
from each experimental group were expressed as relative
integrated intensity compared with the control group
measured at the same time.
Statistical analysis

For the comparison among groups, one-way ANOVA
test (normally distributed) or Mann–Whitney test (2

groups, non-normally distributed) and Kruskal-Wallis
test (n groups, non-normally distributed) was used for
continuous variables, and χ2 test was utilized for categorical variables. The statistical analysis was performed with
the GBSTAT statistical analysis package (version 9.0,
Dynamic Microsystems, Inc).

Results
Clinical characteristics

The characteristics of the SR, PaAF, PeAF and NC
groups included in the analysis are summarized in
Table 1. There were no statistically significant differences
between groups in terms of age and sex. C-reactive protein and pulmonary artery systolic pressure, as well as
preoperative length of stay were higher or longer in two
AF groups than SR group. The history of valvular disease was longer in PeAF than that of SR and PaAF. Left
and right atrial diameters were largest in PeAF, followed
by PaAF and SR. The proportion of rheumatic cause and

Table 1 Clinical characteristics of study population
Parameters

SR

PaAF

PeAF

Sex, M/F (n)

15/15

15/15

15/15

Age (years)

48.4±11.2

49.1.±10.1

48.7±10.8

Body mass index (kg/m2)

23.2±2.8

22.9±2.4

22.2±3.1

Heart rate (beats/min)

74±9

77±11

78±15

Mean artery pressure (mm Hg)

84.6±7.2

86.6±9.4

83.2±10.2

C-reactive protein (mg/L)

2.86±1.02

4.32±0.94*

5.04±1.21*,**

Duration of valvular disease (years)

4.9±4.8

6.9±5.7

12.5±7.2*,**

NYHA class I/II/III/IV (n)

4/9/14/3

3/7/15/5

2/4/17/7

LVDd (mm)

48.6±7.4

50.4±6.8

49.2±8.1

LVDs (mm)

31.8±4.7

32.3±5.2

31.1±4.9

EF (%)

63.6±3.9

62.8±4.4

63.4±4.1

LAD (mm)

41.7±6.4

52.4±8.2*

59.9±9.4*,**

RAD (mm)

37.7±4.1

42.5±4.6*

46.3±5.7*,**

PASP (mm Hg)

34.2±7.7

44.1±11.3*

51.2±14.9*,**

0

3

8*,**

9.6±4.2

12.2±5.6*

15.8±6.8*,**

22/8

24/6

28/2*,**

30

30

30

Echocardiographic parameters

Left atrial thrombus (n)
Preoperative length of stay (days)
Cause of mitral valve disease (n)
Rheumatic/degenerative
Preoperative drug (n)
Digitalis
Calcium-channel blocker

7

5

8

Beta-blocker

3

4

6

ACE-I

5

7

10

Values are presented as mean±SD or number of patients.
ACE-I angiotensin-converting enzyme inhibitor, EF ejection fraction, LAD left atrial diameter, LVDd left ventricular end-diastolic diameter, LVDs left ventricular
end-systolic diameter, NYHA New York Heart Association, PASP pulmonary artery systolic pressure, RAD right atrial diameter.
* p<0.05, reference group is the SR group.
** p<0.05, reference group is the PaAF group.
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left atrial thrombus was higher in PeAF than SR, and the
former was also higher in PeAF than PaAF.
Biochemical parameters

The lactate expression of RAA tissues were increased
gradient in SR, PaAF and PeAF, elevated 1.3, 2.3 and 2.6
folds respectively compared with NC, however, no significant difference was found between PaAF and PeAF
(P=0.61) (Figure 1). Similarly, in comparison with NC,
the TBARS content in SR, PaAF and PeAF increased 1.9,
5.5, 6.6 folds respectively and between PaAF and PeAF
there was no significant difference (P=0.23) (Figure 2).
Expression of lactate signaling cascade in RAAs

Western blot analysis (Figure 3) prompted that the expression of MCT1 in PaAF and PeAF was significantly
higher compared with that in SR and NC, although there
was no difference between PaAF and PeAF (p=0.17). Expressions of cytochrome c (Figure 4B), cleaved-caspase9
(Figure 4C) and cleaved-caspase3 (Figure 4C) were
found highest in PaAF and PeAF, followed by SR and
NC. However, no significant difference was identified
between PaAF and PeAF (p=0.17, p=0.81, p=0.72 for
cytochrome c, cleaved-caspase9 and cleaved-caspase3
respectively).

Figure 2 The protein expression of MCT1 in mitochondrial
membrane. (A) Representative MCT1 and COx immunoblotting
were shown in NC, SR, PaAF and PeAF groups (B) The different
levels of MCT1/ Cox were determined among above-mentioned
groups.

Discussion
To our knowledge, this is the first study to provide evidence that lactate signaling cascade may play a role in
maintenance and recurrence of AF. An increasing gradient of protein expression of lactate as well as MCT1
were identified in NC, SR and AF groups. Furthermore,
the redox level and mitochondrial apoptosis proteins
were also increased consistent with lactate expression
in RAAs. Therefore, the present data support that the
lactate signaling cascade might be one of the regulatory
systems in the atrial structural remodeling of AF
Figure 5.

As described previously, intracellular lactate shuttle
hypothesis posits that in normal physiological circumstances intracellular lactate is produced as the result of
glycolysis and glycogenolysis in the cytosol and balanced by oxidation in mitochondria. The presence of
MCT1 in myocardial mitochondrial membrane allows
mitochondrial lactate influx and oxidation. However,
during pathological conditions such as hypoxia or ischemia the myocardial energy demands increases, glucose
uptake and glycogenolysis raise many times which
causes lactate concentration elevation. The corresponding increased expression of MCT1 would likely help the

Figure 1 The expression of lactate in RAA tissues.

Figure 3 The level of ROS in RAA tissues by TBARS.
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Figure 4 The proteins expression of mitochondrial apoptosis pathway in RAA tissues. (A) Representative cyto c, cleaved-caspase 9,
cleaved-caspase 3 and GAPDH immunoblotting were shown in NC, SR, PaAF and PeAF groups. The different levels of cyto c/GAPDH
(B), cleaved-caspase 9/GAPDH (C), cleaved-caspase 3/GAPDH (D) were determined respectively among above-mentioned groups.

Figure 5 The simplified scheme of interactions within lactate
signalling cascade.

cell to attenuate intracellular acidification [18]. In experimental animal model, two previous studies have
identified convincingly positive correlation between the
dysfunction of lactate metabolism and cardiovascular
disorders. In chronic volume overload model, myocardial hypertrophy and subsequent congestive heart failure engendered a greater maximal lactate transport
capacity across the cardiac myocytes sarcolemma along
with an increased in MCT1 protein content [11]. Moreover, in another myocardial infarction model, similar
maximum lactate influx into isolated cardiomyocytes
and increased MCT1 protein level were also observed
[12]. These findings reveal that excessive accumulation
of lactate and high expression of MCT1 exists in cardiovascular diseases. In accordance with the previous findings, the present study has explored for the first time
the expression of lactate were significantly increased in
AF groups compared with NC, SR groups, and that the
increased lactate expression could further promoted the
protein expression of MCT1. Therefore, together with
the previous findings, it is not inconceivable that
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enhanced lactate expression is not only as an epiphenomenon, but may also have an independent effect on
the development and progression of the diseases.
Fortunately, two noteworthy observations preliminary unveil the veil. First the L6 cells incubated with
exogenous lactate rapidly activated ROS production,
upregulated the total mitochondrial mass and increased
mitochondrial electron transport in vitro, indicating that
lactate signaling affects ROS production and mitochondrial biological activities [19]. Second, cytosolic acidification induced by lactate in CHO cells was given rise to
mitochondrial control of apoptosis including mitochondrial dysfunction, cytochrome c release, and an increased
in caspase-3 enzymatic activity. However, the anti-lactate
treatment could completely reverse the effects [20]. Convincingly, these findings suggest that in addition to
serving as an oxidizable substrate and gluconeogenic
precursor, lactate also is an important cell-signaling
molecule involved in regulation of cell redox state and
mitochondrial biogenesis.
To illustrate lactate signaling in the cardiac myocyte,
Kubasiak et al. [21] reported that hypoxia did not induce
cardiac myocyte apoptosis in the absence of lactate
acidosis and this procedure was mediated by BNIP3, a
member of the Bcl-2 family of mitochondrial apoptosisregulating proteins. Subsequently, a more in-depth study
investigated the functional role of lactate signaling both
in vivo and in vitro [22]. In hearts of mice subjected to
global ischemia the expression of lactate transport protein MCT1 was increased at the start of reperfusion.
Blocking the function of MCT1 by its competitive inhibitor, the left ventricular performance was worse and
the infarct size was increased. In vitro the MCT1 inhibitor increased the death of HL-1 cells stimulated with
hydrogen peroxide as well. Therefore, it must be mentioned that disruption of lactate metabolism can lead to
activate lactate signal cascade, then contribute to aggravate ROS release and myocyte apoptosis, which is in line
with the previous findings in L6 and CHO cells. In our
study we observed that a significant increasing ROS level
was identify in AF compared with NC, SR groups.
Besides the expression of mitochondrial apoptosis pathway proteins cytochrome c, cleaved-caspase9, cleavedcaspase3 was also found higher in AF than NC, SR
groups. These data suggest that during AF, atrial
myocytes might more dependent on glycolysis for their
ATP production and thus require transport more lactate
to mitochondrial oxidation by upregulation MCT1. Although the increased expression of intracellular lactate
shuttles transport protein MCT1 facilitates lactate oxidation in atrial myocytes from cytosol to mitochondria,
lactic acidosis is still inevitable happened, resulting in
atrial remodeling consist of oxidative stress damage and
mitochondrial control of apoptosis.
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Study limitations

First in our hospital-based study, the sample size was
moderate, and therefore further studies with larger sample size are warranted to confirm the findings. Second,
since the majority of our patients suffered from rheumatic mitral valve disorders, local inflammatory response
may influence myocardial metabolism and atrial remodeling. Accordingly, to attenuate this effect, patients with
detected rheumatic activity were excluded in the present
study. Finally, Due to the nature of our study, whether
lactate signaling cascade changes represent a causeeffect relationship or solely an association remains
uncertain. However, activation of the lactate signaling
cascade may not only be a marker but also a mediator in
the development and perpetuation of AF, at least partly,
by promoting atrial remodeling. Future cell and animal
studies should address this issue.

Conclusions
The present study revealed that atrial lactate expression increased in AF atrial myocytes, and was associated with the presence of oxidative stress damage and
cardiomyocytes apoptosis, suggesting that the cascade
may contribute to the development and progression of
AF by regulating atrial remodeling. Thus, the current
data indicates a potential role for known mediators of
lactate signaling cascade in the pathogenesis of AF and
possibly represents new targets for therapeutic intervention in AF.
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