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Original Article

Vagal electrostimulation in postoperative thoracic surgery reduces 
the systemic inflammatory response and cardiopulmonary 
complications: an experimental study in pigs
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Background: Conventional thoracotomy (CT) often leads to systemic inflammatory response syndrome 
(SIRS), which induces several clinical complications. CT remains widely used in low-income institutions. 
Although minimally invasive surgical procedures, such as robotic surgery (RS), have been used to prevent 
many of the complications inherit from the surgical procedure. Here, we investigated the protective effect 
of vagus nerve stimulation (VNS) in a pre-clinical model during CT or RS and postoperative period (POP) 
relative to clinical complications and inflammatory control. The objective was to compare hemodynamic 
features and cytokine levels in the blood, lung, and bronchoalveolar lavage (BAL) fluids of animals subjected 
to CT or RS with or without VNS.
Methods: Twenty-four minipigs were subjected to 12 animals CT and 12 animals RS, with or without 
VNS, and accompanied 24 h later by pulmonary lobectomy. Blood samples for evaluating the hemodynamic 
parameters were collected before the surgical preparation, immediately after the beginning of VNS, 
and every 4 h until 24 h after the lobectomy. BAL fluid and lung tissue were collected at the end of the 
experiment. Cytokine levels were evaluated in the blood, BAL fluid, and lung tissues. 
Results: VNS maintained a more stable heart rate during POP and decreased the incidence of overall 
cardiac complications while preventing increase in IL-6 levels 12 h after lobectomy, compared to sham 
animals. No differences were found in cytokine expression in the BAL fluid and lung tissue in any of the 
studied groups. 
Conclusions: Taken together, our data suggested that VNS should be considered a non-pharmacological 
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Introduction

Thoracotomy is widely used for many surgical procedures, 
including pulmonary lobectomy, which is considered the 
gold standard treatment for an early-stage non-small cell 
lung cancer (1). Post-thoracotomy systemic inflammatory 
response syndrome (SIRS) is associated with an increased 
risk of complications, such as septic shock, multiple organ 
dysfunction, and death (2). Interestingly, increased levels of 
inflammatory cytokines in the plasma are related to SIRS 
and its complications (3). Hence, minimally invasive surgical 
procedures have been used widely to decrease strategically 
postoperative complications (4,5). Robotic surgery (RS) has 
a shorter median length of hospital stay (6), however, this 
type of surgery costs are significantly higher than those of 
thoracoscopic lobectomy or conventional thoracotomy (CT) 
(7-9). As a result, CT remains the most commonly used 
approach with higher complication rates (7).

Here, we propose the use of vagus nerve stimulation 

(VNS). VNS can induce parasympathetic cardiac events, such 
as chronotropy, dromotropy, inotropy, and lusitropy (10). 
Beyond visceral modulation, the vagus nerve is also a major 
component of the neuroendocrine and immune systems (11). 
The vagus nerve recognizes pro-inflammatory cytokines, such 
as TNF-α, IL-1, and IL-6, released by immune cells (12,13) 
and indirectly activates the hypothalamus-pituitary-adrenal 
axis, releasing glucocorticoids that decrease peripheral 
inflammation (14). Additionally, the release of acetylcholine 
by VNS activates α-7-nicotinic ACh receptors (a7nAChR), 
which inhibits the classical pro-inflammatory activation of 
macrophages (15). Interestingly, vagotomy increases the 
inflammatory response in a colitis pre-clinical model (16), 
while a7nAChR agonists have been used as therapeutic 
treatments (17). In this sense, the inhibition of exacerbated 
immune responses post-surgery, which induces systemic pro-
inflammatory or immunosuppressive alternations (18), is a 
crucial strategy to control the complication rates, suggesting 
the role of VNS in different types of surgery.

Considering the beneficial effects of VNS on the 
inflammatory response, in this study, we aimed to compare 
hemodynamic features and cytokine levels in the blood, 
lung, and bronchoalveolar lavage (BAL) fluids of animals 
subjected to CT or RS with or without VNS. We expected 
to demonstrate that VNS may be used as a strategic tool 
to decrease the negative effects of pulmonary lobectomy, 
improve the surgical procedure, and improve the quality 
of life of individuals undergoing this type of surgery. 
We present this article in accordance with the ARRIVE 
reporting checklist (available at https://atm.amegroups.
com/article/view/10.21037/atm-22-2919/rc).

Methods

Ethical statement

The protocols used during the execution of this project 
were approved by the Ethics Committee on the Use of 
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post-operative period, decreasing cardiac complications;
• VNS prevents IL-6 increased levels after lobectomy.  
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the cytokine storm triggered by lobectomy while prevents cardiac 
complications.

What is the implication, and what should change now? 
• Intra-operatory and post-operative VNS should be further 

investigated in clinical trials aiming to comprehend the 
hemodynamics protection and attenuation of inflammatory 
response after surgical interventions. 

347

tool in the prevention of the exacerbated inflammatory response responsible for severe clinical complications, 
especially in more aggressive surgical procedures.
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Animals at Hospital Sírio-Libanês (Sao Paulo, Brazil) under 
protocol number CEUA 2014-08 and the Ethics Committee 
of the University of Sao Paulo Medical School, Sao Paulo, 
Brazil, under protocol number 018/16. Experiments were 
performed in compliance with international guidelines for 
the care and use of animals.

Experimental animals

Twenty-four male BR-1 minipigs (45–55 kg) obtained from 
Minipig Research and Development (Campina do Monte 
Alegre, SP, Brazil) were used in the study with sequential 
thoracotomy and sequential RS with vagal stimulation 
randomization.

Housing and husbandry

The minipigs were housed in the animal facilities of the 
Hospital Sírio-Libanês. The animals were maintained 
in appropriate rooms with a controlled light/dark cycle  
(12/12 h) and temperature (22±2 ℃) with free access to 
water and chow pellets.

Allocating animals to experimental groups

The animals were allocated in the CT group and RS group 
with randomization of the VNS in each group.

Outcomes measures

The primary outcome measure was to evaluate the 
hemodynamic features. The secondary outcome measure 
was to evaluate the cytokine comparing animals subjected to 
CT or RS with or without VNS.

Experimental procedure

Animals were kept fasting for 12 h in preparation for 
the surgical procedure. Animals were anesthetized  
(0.5 mg/kg, midazolam, i.m; 5 mg/kg, ketamine, i.m.;  
8 mg/kg, propofol, i.v.), intubated (n. 8, Smartcam Android 
5 mm), and mechanically ventilated (EVITA XL, Drager, 
Lubeck, Germany). General anesthesia was maintained at  
11 µg/kg/h, 3 mg/kg/h, and midazolam 2 mg/kg/h,  
i.v.). The avascular sheath was introduced through 
the pulmonary artery for continuous blood pressure 
measurements, venous oxygen saturation, and final diastolic 
volume. Additionally, an avascular sheath was introduced 

through the right femoral artery to monitor the invasive 
blood pressure and collect arterial blood samples. Through 
cystostomy, a catheter was inserted to monitor the urine 
output. The animals received a continuous infusion of 
ringer lactate (4 mL/kg/h). Afterwards, the animal was 
placed in the right lateral decubitus position, with the left 
hemithorax exposed.

CT for pulmonary lobectomy and placement of vagal 
electrodes
The animals were submitted to an incision from the 
corresponding intercostal space at the rib’s upper edge until 
the opening of the pleural plane by lateral thoracotomy 
(approximately 15 cm). Lesions and pleuropulmonary 
adhesions were carefully investigated. Next, the electrodes 
were placed on the vagus nerve, which was identified 
by pleural dissection immediately above the azygos vein  
(Figure 1A).

RS for pulmonary lobectomy and placement of vagal 
electrodes
RS was performed using the Da Vinci® Surgical System 
(Intuitive Surgical, CA, USA). All surgical and stimulation 
procedure were performed by the same surgeon. Five 
incisions were performed: (I) the camera incision was placed 
in the 8th intercostal space in the posterior axillary line at 
the level of the xiphoid appendage line; (II) scissors were 
incised in the 7th intercostal space; (III) incision for the 
dissection forceps was performed in the 6–7th intercostal 
space in the posterior vertebral line; (IV) an incision was 
made on the anterior axillary line in the 9th intercostal 
space for the placement of an endoscopic retractor; and 
finally; (V) a trocar was placed in the 5th intercostal space, 
at the paravertebral line as a cannula for the vagal electrode 
(Figure 1A). Animals were submitted to a CO2 lung 
insufflation of 6 mL with a pressure of 2 L/min.

Vagal stimulation

For both groups, CT and RS, the vagus nerve was 
dissected intraoperatively immediately before surgery 
in the mediastinal region above the azygos vein. After 
the electrode placement, VNS was performed using 
appropriated equipment (Resume® TL 3986ª Medtronic,  
3.5 mA and 5 Hz) (19) before the pulmonary lobectomy 
model and for 24 h. Of note, the electrode implant did not 
induce any complications. Electrostimulation was confirmed 
by clinical observation from the surgeon when transitory 
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Figure 1 The allocation of experimental groups. The animals were allocated in the CT group and RS group with randomization of the VNS 
in each group. (A) Minipigs were randomly submitted to CT or RS. After surgical preparation, the animals were submitted to VNS (3.5 mA, 
5 Hz) or sham stimulation in both surgical groups (6 animals/group), before the lobectomy procedure and throughout 24 h. (B) Immediately 
after the stimulation or sham, animals were submitted to pulmonary lobectomy. Hemodynamic parameters and blood samples were collected 
BM, immediately after the beginning of the CT or RS surgeries (0 h) and 4, 8, 12, 16, 20, and 24 h after the pulmonary lobectomy, with or 
without VNS. Additionally, the BAL from the left lung was collected at the end of each experiment (24 h after the pulmonary lobectomy).  
*, electrode VNS; **, aorta, vagus nerve. BAL, bronchoalveolar lavage; CT, conventional thoracotomy; RS, robotic surgery; VNS, vagus 
nerve stimulation; BM, before the surgical preparation.
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bradycardia occurred with a decrease in the heart rate of 
approximately 20% of the original frequency and immediate 
recovery to both groups’ original parameters. The VNS was 
started intraoperatively immediately before the beginning 
of the dissection of the pulmonary hilum structures.

Additionally, a digital multi-meter (Multilaser®, China) 
was used in the CT group. For sham animals, the electrode 
was placed in the vagus nerve, but no stimulation was 
performed.

Pulmonary lobectomy

To make a pulmonary lobectomy, the left pulmonary 
hilum, pulmonary artery to the upper lobe, and left upper 
lobe bronchus were dissected (approximately 4 cm) in 
both groups. The surgical specimen was removed, and a 
rigorous review of the surgical site and animal hemostasis 
was performed, followed by thoracic drainage and skin 
sutures.

Measurements and sample collection

Data on the hemodynamic parameters, such as heart rate, 
blood pressure, central venous pressure, cardiac output, 
venous O2 saturation, body temperature (through the 
Swan Ganz catheter); urine output, and blood samples 
were collected before the surgical preparation (BM), 
immediately after the beginning of the CT or RS surgeries 
(0 h) and at 4, 8, 12, 16, 20, and 24 h after pulmonary 
lobectomy, with or without VNS. Hypercapnia was 
considered as CO2 expired fraction above 50, necessity of 
increase the respiratory rate above 20, and increase in the 
inhalation and exhalation ratio. Bradycardia was considered 
as heart rate below 40 after consistent application of 
atropine or presence of second-degree atrioventricular 
block. Blood samples were collected in EDTA-vacutainer 
tubes, and plasma was separated. Additionally, BAL from 
the left lung was collected at the end of each experiment 
(24 h after pulmonary lobectomy). Next, the lungs were 
inflated (with 25 cm3 air) and collected (Figure 1B). All 
collected samples were stored at −80 ℃ until measurement. 
After the end of the experiment animals were euthanized 
by anesthetic overdose and intravenous KCl.

Inflammatory evaluation

Lung tissues were gently homogenized at 4 ℃  in 
radioimmunoprecipitation assay (RIPA) buffer (50 mM 

Tris, 150 mM NaCl, 1 mM EDTA, 0.1% SDS, 0.5% 
deoxycholate, 1% NP-40) with fresh protease inhibitors. 
The Luminex assay was used to quantify the levels of  
IL-1α, IL-1β, IL-1ra, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, 
IL-18, TNF-α, IFN-γ, and GM-CSF in the serum, BALF, 
and lungs (PCYTMAG23PMX13BK, Merck-Millipore). 
The assay was performed following the manufacturer’s 
recommendations.

Statistical methods

The descriptive analyses for the quantitative data are 
presented as means ± standard deviation (SD). The normal 
distribution assumptions in each group and the homogeneity 
of the variances between the groups were evaluated using 
the Shapiro-Wilk and Levene tests. Categorical variables 
are expressed as frequencies and percentages. For the 
quantitative variables, where three factors were analyzed 
(surgery, stimulus, and time), the three-factor analysis of 
variance of repeated measures for a single factor (time) was 
used. For the quantitative variables, where two factors were 
analyzed (surgery and stimulus), the double factor analysis 
of variance was used. When it was necessary to perform 
multiple comparisons of means, the Bonferroni test was 
used. For comparison of proportions, the Chi-square or 
Fisher’s exact tests were used when necessary. The Kaplan-
Meier curve was used to assess animal survival, and the log-
rank test was used to compare the curves. Statistical analyses 
were performed using SPSS Statistics software (version 
21.0 for Windows) with a significance level of P<0.05.

Results

Clinical aspects of pulmonary lobectomy surgery and VNS

No significant difference was found in the time of surgery 
between sham and VNS animals on CT (P=0.19, Figure 2A) 
or RS (P=0.2, Figure 2B), even though there was a reduction 
of 10% and 14% of duration of the surgery, respectively, 
when using VNS, we think it was an isolated result and 
not influenced by VNS. Also, there were no surgical 
complications during the electrode implant. Interestingly, 
VNS maintained a more stable heart rate in the immediate 
postoperative recovery in the CT group (P=0.0019 
regarding time parameter, Figure 2C). In the RS group, 
VNS stimulation slightly increased the heart rate at the last 
12 h of the postoperative recovery (P<0.0001 compared 
to sham animals, Figure 2D). Considering that the CT 
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Clinical aspects of pulmonary lobectomy surgery
and vagus nerve stimulation
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Figure 2 Time of surgery (A,B) and heart rate (beats per minute, C,D) of animals submitted to conventional thoracotomy (A,C)  
and robotic surgery (B,D) with or without vagus nerve stimulation. Bars represent mean ± standard deviation evaluated by two-way analysis 
of variance followed by the Bonferroni post-hoc test (n=6 per group). Gray dots represent animals submitted to sham surgery, and black dots 
represent animals submitted to VNS in all graphs. VNS, vagus nerve stimulation.

increased the recovery complications, such as hypercapnia, 
bradycardia, and overall complications compared to the 
RS, we observed that VNS could significantly prevent 
desaturation, hypercapnia, bradycardia, atrial fibrillation and 
general cardiac complications (Table 1). As we simulated the 
immediate postoperative period (POP) of 24 h, we didn’t 
observe any infections and we did not have any deaths.

Inflammatory markers in pulmonary lobectomy surgery 
and VNS

We evaluated the levels of inflammatory cytokines in the 
serum of CT and RS animals with or without VNS at 0, 
4, 12, and 24 h after the surgical procedure (Figure 3). 
We only found a relevant discrimination regarding CT 

Table 1 Cardiac and pulmonary complications during immediately post-operation

Complications
Conventional thoracotomy Robotic surgery

Sham, n (%) VNS, n (%) P Sham, n (%) VNS, n (%) P

Desaturation 5 (83.0) 0 (0.0) 0.015* 1 (16.7) 0 (0.0) >0.999

Hypercapnia 5 (83.0) 1 (17.0) 0.08 3 (50.0) 1 (16.7) 0.55

Bradycardia 5 (83.0) 0 (0.0) 0.015* 1 (16.7) 0 (0.0) >0.999

Overall complications 6 (100.0) 2 (33.3) 0.06 4 (66.7) 1 (16.7) 0.242

Hemodynamic parameters from the sham and vagus nerve stimulation groups submitted to conventional thoracotomy or robotic surgery. 
The frequency of events was evaluated by the Fisher’s exact test (n=6 per group). *, P<0.05 when compared to the sham animals. VNS, 
vagus nerve stimulation.
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submitted animals, that showed that VNS prevented a pro-
inflammatory IL-6 increase in the serum 12 h after the 
surgical procedure (P<0.005, Figure 3A), but no significant 
difference was observed in the expression of IL-10 (P=0.87, 
Figure 3C) or IL-12 (P=0.36, Figure 3E). Similarly, we did 
not find any relevant difference after RS in the expression 
of IL-6 (P=0.87, Figure 3B) and IL-12 (P=0.69, Figure 3F). 
In the RS group with VNS, a 75% increase of the anti-

inflammatory IL-10 in the serum was observed 24 h after 
the surgical procedure, although it was not statistically 
significant (P=0.07, Figure 3D). Curiously, we were unable 
to find any difference regarding the cytokine levels in the 
BAL fluid (Table 2) and lung tissue (Table 3), collected 24 h 
after the surgical procedure.

Since IL-6 was differentially expressed in the CT 
group when comparing sham and VNS animals 12 h after 

Figure 3 Blood cytokines were evaluated BM, immediately after the beginning of the conventional thoracotomy (A,C,E) or robotic 
thoracotomy (B,D,F) surgeries (0 h) and 4, 12, and 24 h after the pulmonary lobectomy model, with or without vagus nerve stimulation. 
Data are presented as mean ± standard deviation evaluated by two-way analysis of variance followed by the Bonferroni post-hoc test (n=6 
per group). *, P<0.05 when compared to the sham animals. Gray dots represent animals submitted to sham surgery, and black dots represent 
animals submitted to VNS in all graphs. IL, interleukin; VNS, vagus nerve stimulation; BM, before the surgical preparation.
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Table 2 Cytokine expression in the BAL fluid of animals submitted to conventional thoracotomy or robotic surgery and sham or vagus nerve 
stimulation 24 h after the surgical procedure

Cytokine
Conventional thoracotomy Robotic surgery

Sham Vagus nerve stimulation P Sham Vagus nerve stimulation P

GM-CSF 53.33±45.02 130.00±93.17 0.16 26.67±5.16 20.00±0.00 0.70

IFN-γ 596.67±429.82 1,666.67±1,146.64 0.18 1,435.00±551.35 948.33±237.10 0.06

IL-1α 251.67±249.91 408.33±630.16 >0.99 1,261.67±1,807.08 280.00±223.25 0.24

IL-1β 12,015.00±12,326.18 12,566.67±24,558.53 >0.99 9,425.00±10,350.29 2,495.00±1,599.91 0.13

IL-1ra 6,836.67±3,815.03 10,855.00±10,744.68 0.70 11,145.00±8,934.77 6,188.33±4,764.67 0.31

IL-6 881.67±531.69 908.33±858.38 0.80 1,623.33±1,382.54 480.00±359.00 0.06

IL-8 41,486.67±55,069.90 12,895.00±16,158.19 0.80 142,733.33±156,499.32 69,781.67±125,796.52 0.24

IL-10 55.00±40.87 216.67±320.48 0.30 70.00±109.36 18.33±16.02 0.24

IL-12 35.00±18.71 175.00±233.05 0.90 160.00±290.86 21.67±14.72 0.27

IL-18 421.67±305.97 566.67±577.43 0.80 1,270.00±1,614.89 1,001.67±819.40 >0.99

TNF-α 135.00±93.75 305.00±230.72 0.10 160.00±124.90 160.00±246.66 0.31

Cytokine expression (the unit for each cytokine is pg/mL) in the BAL fluid of animals submitted to conventional thoracotomy or robotic 
surgery and sham or vagus nerve stimulation 24 h after the surgical procedure. Data are presented as mean ± standard deviation 
evaluated by two-way analysis of variance followed by the Bonferroni post-hoc test (n=6 per group). BAL, bronchoalveolar lavage; GM-
CSF, granulocyte-macrophage colony-stimulating factor; IFN, interferon; IL, interleukin; TNF, tumor necrosis factor.

Table 3 Cytokine expression in the lung of animals submitted to conventional thoracotomy or robotic surgery and sham or vagus nerve 
stimulation 24 h after the surgical procedure

Cytokine 
Conventional thoracotomy Robotic surgery

Sham Vagus nerve stimulation P Sham Vagus nerve stimulation P

GM-CSF 23.36±12.30 18.05±13.20 0.30 34.20±50.52 11.97±8.61 >0.99

IFN-γ 213.03±198.44 257.09±400.25 0.70 176.54±157.20 158.32±184.73 >0.99

IL-1α 163.32±85.48 231.37±259.00 0.93 87.68±44.07 138.94±114.96 0.59

IL-1β 5,626.72±3,447.50 5,315.50±5,450.08 0.70 2160.85±565.35 2,422.61±1,783.69 0.93

IL-1ra 1,905.35±1,025.86 2,396.82±1,538.38 0.82 755.98±285.50 1,104.22±874.79 0.40

IL-6 147.20±126.23 101.60±82.97 0.70 130.06±113.54 72.31±71.52 0.31

IL-8 146.11±44.50 104.73±31.33 0.20 98.44±33.71 93.84±74.15 0.48

IL-10 15.59±10.56 19.12±5.52 0.13 6.37±3.57 7.83±2.27 0.24

IL-12 39.65±15.78 100.64±58.65 0.06 41.44±27.52 31.87±23.21 0.48

IL-18 6,558.80±1,692.93 7,657.79±2,394.72 >0.99 4,124.71±1,257.05 4,999.48±3,745.66 >0.99

TNF-α 37.59±15.69 38.37±48.22 0.40 36.07±47.08 11.12±7.39 0.94

Cytokine expression (the unit for each cytokine is pg/mg of total protein) in the lung of animals submitted to conventional thoracotomy or 
robotic surgery and sham or vagus nerve stimulation 24 h after the surgical procedure. Data are presented as mean ± standard deviation 
evaluated by two-way analysis of variance followed by the Bonferroni post-hoc test (n=6 per group). GM-CSF, granulocyte-macrophage 
colony-stimulating factor; IFN, interferon; IL, interleukin; TNF, tumor necrosis factor.
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the surgical procedure (P<0.05, Figure 4A), we sought to 
understand the consequences of IL-6 expression in another 
pro-inflammatory cytokine, IL-12. The increase of IL-6 at 
12 h showed a moderate negative correlation with IL-12  
levels in the serum (r=−0.6, P=0.02, Figure 4B) and in the 
lung tissue (r=−0.6, P=0.03, Figure 4C) at a later time point 
(24 h). When comparing the anti-inflammatory cytokine 
IL-10 to IL-6 or IL-12 in the serum, we observed no 
correlation; however, IL-10 levels in the serum at 24 h 
showed a strong negative correlation with IL-6 expression 
in the BAL fluid 24 h after the surgical procedure (r=−0.7, 
P=0.008, Figure 4D), indicating the relevance of IL-6 
control in this model.

Discussion 

Early preventive anti-inflammatory strategies are required 
to reduce the overall complications considering the 
importance of inflammation in major invasive surgery, as in 

pulmonary lobectomy. This study demonstrated the clinical 
aspects and local and systemic inflammatory profile of VNS 
impact in CT and RS in an animal pre-clinical model. In 
CT, where surgery is indisputably more invasive than RS, 
we found that VNS can stabilize heart rate and decrease 
clinical complications, such as desaturation, hypercapnia, 
and bradycardia in the immediate POP (which is considered 
24 h after the surgical procedure). Interestingly, VNS 
prevented the increase of IL-6 systemic levels at 12 h in the 
CT model and augmented systemic IL-10 levels at 24 h 
after the surgical procedure in the RS group.

Thoracic surgery is a major risk factor for arrhythmia 
in 20% of cases,  especial ly atrial  f ibri l lation and 
supraventricular tachycardia (20). We showed that VNS 
might act as a cardioprotective strategy, considering that 
stimulated animals did not present any of the overall 
complications observed in the sham CT group. Our results 
corroborate previous findings suggesting that VNS protects 
against cardiac events by vasodilatory properties and 

Figure 4 Inflammatory correlations in animals submitted to conventional thoracotomy after the pulmonary lobectomy model, with or 
without VNS. IL-6 blood expression of sham and VNS animals 12 h after the lobectomy (A). Bars represent mean ± standard deviation 
evaluated by the two-tailed t-test (n=6 per group). *, P<0.05 when compared to sham animals. Correlation between IL-6 in the serum 12 h 
after lobectomy correlates with IL-12 in the serum (B) and IL-12 in the lung (C) 24 h after the lobectomy. IL-6 expression in the BAL fluid 
correlates with IL-10 in the serum 24 h after the lobectomy (D). Gray dots represent animals submitted to sham surgery, and black dots 
represent animals submitted to VNS in all graphs. IL, interleukin; BAL, bronchoalveolar lavage; VNS, vagus nerve stimulation.
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activation of stellate stimulation, which induces a balance 
between parasympathetic and sympathetic pathways (21). 
As CO2 insufflation in the lungs is required for pulmonary 
lobectomy, it often leads to bradycardia and arterial 
hypotension (22). A trend to higher heart rates in VNS 
animals during robotic procedures, our hypothesis is even 
with a low pressure used (6 mmHg) we observed that the 
pressure caused a small amount of hypotension and a drop-
in heart rate. But in the group VNS RS, here was a better 
cardio-hemodynamic adaptation in the POP, with the 
animals showing a higher heart rate during the 24 hours 
of experiment. Our hypothesis is that the vagal stimulus 
releases Vasoactive Intestinal Peptide (VIP) or a “VIP-
like” substance that significantly increases contraction right 
ventricular and heart rate (23). CT has higher complication 
rates, and VNS could be a potential therapeutic tool in 
improving postoperative outcomes.

To further investigate the mechanisms of VNS in both 
CT and RS, we evaluated the expression of pro-and anti-
inflammatory cytokines in the serum, BAL fluid, and lung 
tissue of all animals. We found that VNS could prevent 
IL-6 increase 12 h after the surgical procedure in the CT 
group, while IL-10 was found to be discretely increased 
24 h after the surgical procedure in the RS group. IL-6 
is a pleiotropic cytokine that induces pro-inflammatory 
responses. It also modulates the inflammatory cascade by 
negative feedback, initiating an anti-inflammatory and 
reparative cascade (24). In line with this finding, it has also 
been shown in humans that autonomic neuromodulation, 
i n c l u d i n g  V N S  c a n  r e d u c e  I L - 6  a f t e r  c a r d i a c  
surgery (25). IL-10 is a classic anti-inflammatory cytokine 
promoting tissue repair in a rodent model of pulmonary 
inflammation (26). Of note, even though we found 
significant differences in systemic inflammatory markers 
during the immediate POP, we did not find any differences 
in the BAL fluid and lung tissue. This is probably due to 
a methodological limitation, where blood can be collected 
throughout the 24 h, and BAL fluid and lung can only be 
collected at a one-time point. Interestingly, we found an 
inverse correlation between systemic IL-6 levels at 12 h and 
systemic IL-12 levels 24 h after the surgical procedure in 
the sham CT group. IL-12 is a pro-inflammatory cytokine 
required for IFN-γ activity in lymphocytes (27). Of note, 
IL-12 is also pivotal for IL-10 production and release in an 
attempt to balance the inflammatory response (28).

Here, we showed that VNS prevented systemic IL-6 
increase 12 h after lobectomy. It is essential to highlight that 
systemic inflammation is a response to local inflammation (18). 

Hence, our data suggest that CT increases IL-6 levels in 
the serum, probably due to a local inflammatory response. 
This IL-6 increase observed 12 h after the surgical 
procedure leads to negative physiological feedback of local 
inflammation, decreasing IL-12 in the lung tissue and the 
serum 24 h after the surgical procedure. However, this 
can lead to undesirable complications. The role of IL-6 
in inflammatory models has been extensively described 
(29,30) and the blockade of IL-6 (tocilizumab) has been 
applied for inflammatory diseases (31). Since VNS can 
restrain IL-6 increase after 12 h of the surgical procedure, 
it could improve surgical recovery or could even be used as 
a possible therapeutic alternative for inflammatory diseases. 
Similarly, IL-6 expression in the BAL fluid was negatively 
correlated with IL-10 expression in the serum 24 h after the 
surgical procedure. Therefore, the slight increase of IL-10  
in the serum observed in VNS animals may be due to a 
reparative role where the stimulation responds in a specific 
time window to prevent exacerbated inflammation. In this 
sense, our work proposes that the inflammatory signature of 
VNS stimulation includes systemic IL-6 and IL-10 levels.

Considering the stimulation parameters, a previous  
work (32) applied high-frequency electric stimulation  
(20 Hz, 0.1 ms duration, square waves) in comparison with 
our work that used the lowest voltage of high-frequency 
that induced atrial fibrillation. The main reason for our 
choice was the individualized treatment parameters based 
on each animal’s response.

Moreover, we showed that VNS could be an optimal 
strategy to prevent CT’s overall complications by balancing 
the hemodynamics and inflammatory aspects. However, 
in RS, a less invasive surgery, VNS plays a role, especially 
in improving heart rate. Although less invasive surgical 
procedures may be the future, to this date, due to financial 
resources, CT is still widely used. Of note, video-assisted 
thoracic surgery may also be used as a valued minimal 
invasive and less expansive tool that was not evaluated in the 
present work. Moreover, in our work the VNS was invasive 
due to limitations in preclinical settings, however, in 
patients the VNS would be done transcutaneous to prevent 
another invasive treatment. Hence, we suggest VNS as an 
advanced methodology aiming to prevent SIRS and cardiac 
events, which may improve the quality of life of individuals 
with elective pulmonary lobectomy. However, further 
studies should be conducted to understand the mechanisms 
of VNS and the optimal stimulation protocol for inducing 
balance between the parasympathetic and sympathetic 
systems. Currently auricular vagus nerve stimulation 
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(aVNS) delivered percutaneously or transcutaneously offers 
a method to modulate neural activity on the vagus nerve 
with the potential for a more favorable safety profile. The 
auricular branch of the vagus nerve runs superficially, which 
makes it a favorable target for non-invasive stimulation 
techniques to modulate vagal activity (33) and may facilitate 
the clinical use of VNS in thoracic surgery.

Limitations

Our study’s limitations included the inability to evaluate 
the length of hospital stay after surgery and the evaluation 
of further complications during the follow-up period. 
The study also contains a technical limitation concerning 
the Luminex assay. Protein quantitation might present 
variation of absolute concentration as described previously 
(34,35), but not in relative concentration. Since we had 
a considerable large number of samples, we performed 
the analysis in different plates, which might affect the 
comparison of cytokines between CT versus RS group. We 
emphasize that this limitation does not impact on the results 
and conclusions presented here, once we were cautions to 
make the comparisons restricted to each surgical procedure.

Conclusions

Our results suggest the potential benefits of VNS during 
CT procedures regarding cardioprotective and anti-
inflammatory effects and highlight the importance 
of updating surgical protocols to prevent possible 
complications.
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