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ABSTRACT

Background: The left atrial appendage (LAAp) resection is an effective treatment approach to reduce the risk of thromboem-
bolism in patients with atrial fibrillation. Objective: To study was to study the impact of removing atrial appendages in the 
production of natriuretic peptides (NPs) in conditions of volume overload and to develop an experimental model of LAAp resec-
tion. Materials and Methods: In a swine model of ischemic heart failure (HF), serum NP levels were measured before (Basal-1A) 
and after (Basal-1B) a fluid overload. Animals were grouped as follows: (0) preserved appendages, (1) resected LAAp, and (2) 
both atrial appendages resected. Levels of NP were measured before (2A) and after a fluid overload (2B). Results: Furin levels 
were higher in Group 0-2A than in Group 2-2A, and a significant increase was found in Group 0-2B compared to Groups 1-2B 
and 2-2B. Corin levels increased in Basal-1B versus Basal-1A. Atrial NP (ANP) decreased in Basal-1B compared to Basal-1A. 
After HF induction, ANP increased in Groups 2-2A and 2-2B. Conclusions: Resection of atrial appendages drastically modifies 
the natriuretic mechanisms of cardiac homeostasis, especially after a fluid overload challenge. Herein, we describe the face 
and predictive validation of an animal model of atrial appendage resection useful to investigations in translational medicine. 
(REV INVEST CLIN. 2020;72(2):103-9)
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INTRODUCTION

The left atrial appendage (LAAp) is a common site for 
the formation of intracardiac thrombi in patients with 
atrial fibrillation. To reduce this risk, the administration 
of oral anticoagulants is the therapy of choice1. Nev-
ertheless, some patients still remain at high risk of 
systemic embolism or do have a contraindication for 
anticoagulation therapy. In these patients, it is indi-
cated to exclude or resect the LAAp2. This surgical or 
percutaneous procedure is effective in reducing sys-
temic embolism3, but may disturb the normal physi-
ological role of LAAp as a paracrine organ4. The natri-
uretic peptides (NPs) produced during LAAp stretching 
are not only used as biomarker to reflect the extent 
of heart failure (HF), but these hormones are also part 
of the biofeedback during HF when increased circula-
tory volume must be eliminated with the help of di-
uretic effect of these peptides5. Although NP may be 
produced in different parts of the body, atrial append-
ages are a major source of these peptides6. Further-
more, in situations of HF when there is a volume over-
load, the effect of the loss of atrial appendages as a 
source of NP to excrete sodium and water is still un-
clear7. In addition to its well-recognized function as 
paracrine organ, it has been postulated that atrial ap-
pendages serve as an anatomical area for additional 
distension, especially during acute fluid overload8.

This study was aimed to evaluate the role of atrial 
appendages during an acute fluid overload challenge 
by measuring the levels of several NP in an experi-
mental swine model before and after the induction of 
ischemic HF. In addition, this study aimed to develop 
and validate an experimental model of LAAp resec-
tion that could be useful for future investigations in 
translational medicine.

MATERIALS AND METHODS

Experimental subjects

The study included 12 male Yorkshire pigs weighing 
39-48 kg and 3 months of age. Swine were main-
tained for adaptation in the bioterium for a week, with 
periods of light/dark of 12 h/12 h and food and wa-
ter ad libitum. On the 1st day of the study and 1 h 
after the first meal, 10 mL of peripheral blood were 
drained from all 12 swine to determine the basal NP 

serum levels (Fig. 1, Time 1A: pre-fluid challenge). On 
the same day, each pig received 3 mL of 0.9% NaCl 
solution/100 g weight intravenously in 90 min as an 
acute fluid challenge. After this fluid challenge, 10 mL 
of peripheral blood were obtained for NP quantifica-
tion (Fig. 1, Time 1B: post-fluid challenge).

Surgical procedure

Eight days after the first blood sampling, all pigs 
underwent a left anterior thoracotomy to induce 
ischemic HF by ligature of the circumflex (CX) artery 
branch. During thoracotomy, the animals were 
grouped as follows: Group 1, ligation of the CX 
branch was combined with the LAAp resection; 
Group 2, CX artery ligation was combined with the 
resection of both atrial appendages; and Group 0, CX 
artery ligation was performed and both atrial ap-
pendages were preserved. Twenty-four hours after 
surgery, serum troponin levels were measured to 
verify the extent of cardiac injury induced by myo-
cardial infarction. One week after surgery, blood 
samples were obtained for NP quantification before 
and after a new acute fluid overload challenge with 
3 mL of 0.9% NaCl solution/100 g weight infused in 
90 min (Fig. 1. Time 2A: pre-fluid challenge and Time 
2B: post-fluid challenge).

Echocardiography

Before and after cardiac surgery, transthoracic echo-
cardiograms were obtained. Regional wall motion of 
the left ventricle (LV) was assessed and the LV ejec-
tion fraction (LVEF) was calculated9.

Measurement of serum NP

Levels of furin (sensitivity 0.1 ng/ml; intra-assay vari-
ability <15%) and corin (sensitivity 0.1 ng/ml; intra-
assay variability <15%) were measured by enzyme-
linked immunosorbent assay with commercially 
available kits (MyBiosource, San Diego, CA, USA). 
Levels of amino terminal pro-brain natriuretic peptide 
(NT-proBNP; sensitivity 6 pg/ml; intra-assay variabil-
ity <10%) and atrial NP (ANP; sensitivity 6 pg/ml; 
intra-assay variability <10%) also were measured by 
enzyme-linked immunosorbent assay with commer-
cially available kits (Cloud-Clone Corp., Houston, TX, 
USA). All samples were processed at 1 time, with the 
same batch and were performed in accordance with 
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the manufacturer’s instructions. All kits used are de-
signed specifically for use in swine samples.

Data analysis

Data are expressed as median and interquartile range. 
Since there are no normal ranges for NP levels in 
swine, values of NP were normalized by dividing the 
concentration of each peptide measured in the differ-
ent groups/times between the basal value (Time 1A; 
pre-fluid challenge). Levels of NP were compared be-
tween the study groups and the experimental inter-
ventions by a two-way ANOVA test (multiple com-
parison post-test by Tukey). p ≤ 0.05 was set for 
statistical significance.

The study protocol was approved by the local ethics 
committee, protocol number 16-985.

RESULTS

Table 1 summarizes the serum values of troponins 
obtained 24 h after the CX artery occlusion, as well 
as the LVEF values calculated by transthoracic echo-
cardiography at the baseline and after the thoracot-
omy. As can be observed, the CX artery ligation was 
consistently associated with myocardial infarction 
and its consequent damage in the ventricular func-
tion, that is, ischemic-induced HF was successfully 
achieved.

Figure 1. Flowchart including the study methodology. CX-Oc: circumflex artery occlusion; LAApR: left atrial appendage resection; 
LRAApR: resection of the left and right atrial appendages. Time 1A: before the fluid challenge; Time 1B: following the fluid 
challenge; Time 2A: before the fluid challenge, after CX-Oc; Time 2B: following the fluid challenge, after CX-Oc. The experimen-
tal protocol was performed using a total of 12 pigs, four animals in each surgical group. NP: natriuretic peptides.
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Before thoracotomy, there were no significant chang-
es in the levels of furin before and after the challenge 
with fluid overload (Basal-1A and Basal-1B). How-
ever, after HF induction, furin levels became higher in 
Group 0-2A (atrial appendages preserved) compared 
to Group 1-2A (LAAp resected). The difference 
reached statistical significance when Group 0-2A 
(atrial appendages preserved) was compared with 
Group 2-2A (both appendages resected): 1.18 (1.03-
1.84) versus 0.53 (0.34-1.2), respectively (Fig. 2, 
Panel A). Administration of acute fluid overload after 
HF induction resulted in a significant increase of furin 
levels in Group 0-2B (2.07, 1.09-3.41) compared to 
the Basal-1B group (1.10, 0.92-1.33) (Fig. 2, Panel 
A). In contrast, furin levels decreased in Groups 1-2B 
and 2-2B (one or both appendages resected, respec-
tively) compared to animals with both appendages 
preserved. The differences between furin levels after 
acute fluid overload during HF were statistically sig-
nificant between Group 0-2B and Group 1-2B (2.07, 
1.09-3.41 vs. 0.86, 0.60-1.08) and even more be-
tween Group 0-2B and Group 2-2B (2.07, 1.09-3.41 
vs. 0.34, 0.25-1.1).

Before cardiac surgery, corin levels (1A) showed a 
significant increase following fluid overload (Basal-1A 
vs. Basal-1B) (Fig. 2, Panel B). It should be noted that 
the levels of corin increased even more after the 
acute fluid challenge when swine were in HF. Similar 
to furin levels, animals in HF with one or both append-
ages resected showed a decrease in corin levels, al-
though no statistical significance was found (Fig. 2, 
Panel B).

The levels of NT-proBNP did not show significant dif-
ferences between groups. However, as observed for 
the furin and corin levels, a tendency was observed to 
higher levels of NT-proBNP in animals with both ap-
pendages preserved (Fig. 2, Panel C).

Before cardiac surgery, ANP levels decreased after 
fluid overload (1 vs. 0.86, 0.57-1.26) (Fig. 2, Panel 
D). However, there was a significant increase in ANP 
levels in swine without both atrial appendages when 
HF was induced: Group 2-2A (2.55, 1.56-3.82) ver-
sus Basal-1A (1), versus Group 0-2A (1.03, 0.83-
1.43), and versus Group 1-2A (1.01, 0.80-1.46). A 
similar significant increase in ANP levels occurred in 
HF animals with both appendages resected when an 
acute fluid challenge was administered: Group 2-2B 
(2.21, 1.29-3.66) versus Basal-1B (0.87, 0.69-1.10) 
and versus Group 1-2B (1.01, 0.80-1.46) (Fig. 2, 
Panel D).

DISCUSSION

Atrial appendages are closely involved in the produc-
tion of NP, but the LAAp is often excluded during 
cardiac surgery or it is closed percutaneously for the 
prevention of cardiac embolism. The present study 
investigates, in a novel animal model, the impact of 
the exclusion of one or both atrial appendages in the 
production of different NP after an acute fluid over-
load in basal conditions and during ischemia-induced 
HF. Herein, we found that the resection of one, espe-
cially both atrial appendages, alters natriuretic 

Table 1. Troponin levels and echocardiographic parameters

Preserved  
appendages

Left atrial  
appendage  

resected

Left + right  
atrial appendages  

resected

Weight, kg 37.7 ± 3.8 50.0 ± 0.8 50.5 ± 4.4

Troponin, mg/ml 24.5 ± 6.9 25.0 ± 5.5 16.0 ± 7.2

LVEF, %

– Time 1 > 70 > 70 > 70

– Time 2 44.7 ± 5.6 40.7 ± 3.7 43.7 ± 2.2

– Time 3 47.6 ± 8.5 45.7 ± 2.7 48.7 ± 1.7

– Time 4 49.6 ± 8.0 51.5 ± 5.4 51.7 ± 3.8

Time 1, before surgery, with no fluid challenge. Time 2, before surgery, after fluid challenge. Time 3, after surgery, with no fluid challenge. Time 
4, after surgery, after fluid challenge. LVEF: left ventricular ejection fraction. All data are presented as mean ± 1 standard deviation.
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patients with chronic HF. When studying a prospec-
tive cohort that included 1148 patients with chronic 
HF, the authors found that low corin levels are associ-
ated with an increase in the New York Heart Associa-
tion functional class and with a decrease in the LVEF. 
In addition, multivariate analysis suggested that corin 
levels are an independent predictor of major adverse 
cardiac events, cardiovascular death, and rehospital-
ization due to HF. If atrial appendages are so impor-
tant in the production of furin and corin, the exclusion 
of appendages could have a deleterious impact on 
natriuretic homeostasis, especially during acute HF.

After the induction of ischemic HF, NT-proBNP levels 
were not different in swine with both appendages 
preserved, neither before nor after acute fluid over-
load, compared to those with one or both append-
ages resected, suggesting that atrial appendages are 
not essential for the production of proBNP. This is in 
line with the notion that proBNP is a hormone se-
creted by cardiomyocytes in the ventricles rather than 
in the cardiac atria. Interestingly, ANP levels increased 
both before and after fluid overload in swine with HF, 
and both appendages resected (Group 2). This sug-
gests that an important source of ANP is not within 
the atrial appendages, but in other parts such as in 
other regions of the atria and/or in the ventricles12, 
and even some extracardiac sources of ANP could be 
involved13,14. Alternatively, the rise in ANP levels dur-
ing an acute fluid overload challenge in an HF condi-
tion could be interpreted as a possible compensation 
for the decrease in the production of furin and corin 
from the atrial appendages.

Under normal conditions, proBNP is cleaved by furin 
and corin and converted into the biologically active 
BNP and into the biologically non-active NT-proBNP15. 
Therefore, using NT-proBNP or BNP as a biomarker in 
HF patients in whom one or two atrial appendages 
have been excluded or resected may be clinically less 
useful. It could be one of the reasons why NT-proB-
NP-guided therapy in the Trial of Intensified versus 
Standard Medical Therapy in Elderly Patients with 
Congestive Heart Failure randomized trial was not 
superior to symptom-guided therapy to improve over-
all clinical outcomes in 499 patients with congestive 
HF followed up over an 18-month period16. Finally, 
Gommans et al.17 speculated that medication should 
be tailored for each patient with HF according to the 
different levels of NP. In this case, not only the 

different NP levels should be considered but also the 
lack of NP production due to the elimination of pep-
tide sources such as the atrial appendages.

The impact of LAAp resection on natriuretic homeo-
stasis and the long-term development of overt HF 
were recently studied in a small group of patients with 
atrial fibrillation18. In those patients undergoing LAAp 
resection, proANP levels increased after the proce-
dure and did not return to baseline levels until 1 
month after the surgery. Similar kinetics was ob-
served for BNP levels. Clinical follow-up up to 2 years 
postoperatively showed no differences in the HF se-
verity. Although interesting, these results do not allow 
us to evaluate the response of an amputated heart to 
an acute volume overload since these patients were 
under close clinical care including medications and 
restriction of water intake. In contrast, our experi-
mental model allows us to evaluate the actual impact 
of the resection of one or both atrial appendages in 
different simulated clinical scenarios, such as an acute 
volume overload. In fact, this may be the main nov-
elty of our study, the face and predictive validation of 
an experimental model of LAAp resection for future 
investigations in translational medicine. Our model 
meets the main validity and predictive criteria for an 
animal model useful in translational medicine as fol-
lows19: (a) species, pigs are a species very close to 
humans, which make the pathophysiology of the dis-
ease similar to that observed in humans; (b) complex-
ity, our in vivo model is much more complex than an 
isolated organ model, so it is likely that it may include 
almost all the relevant mechanisms in the pathophys-
iological process; (c) disease simulation, current mod-
el represents not only an attempt to simulate one or 
some disease symptoms but also recreates the isch-
emic heart disease and the impact of the resection of 
atrial appendages on natriuretic homeostasis; and (d) 
predictivity, this model allows to observe the effect 
of resecting atrial appendages as a graded response 
instead of a dichotomous response, both in basal con-
ditions and after an acute fluid overload.

The results of the present study should be contrasted 
with its limitations. First, sample size in our study was 
limited, so the variation in infarct size in each animal 
and the subsequent differences in the HF expression 
could have influenced the data. Second, we do not 
know whether the exclusion of atrial appendages by 
a percutaneous procedure with closure device will give 
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similar changes in the production of NP as when the 
appendages are completely resected, as has been 
done in our study. Finally, there are a number of NPs 
that were not assessed in our study.

The present study, based on a novel experimental 
model of subacute ventricular failure induced by isch-
emia, supports that atrial appendages are an important 
source of NP, and resection of atrial appendages dras-
tically modifies the natriuretic mechanisms of cardiac 
homeostasis, especially after a fluid overload challenge. 
In addition, an increase in ANP levels in animals with 
both appendages resected was observed, suggesting 
the existence of intra- or/and extra-cardiac compensa-
tory mechanisms, this finding has not been described 
previously. These results validate our experimental 
model for future translational investigations.
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