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Background: Unilateral ligation of the pulmonary artery (UPAL) induces bilateral lung injury in pigs undergoing controlled mechanical ventilation. Possible mechanisms include redistribution of ventilation toward the non-ligated lung and hypoperfusion of the ligated lung. The addition of 5% CO2 to the inspiratory gas (FiCO2) prevents the injury, but it is not clear whether lung protection is a direct effect of CO2 inhalation or it is mediated by plasmatic hypercapnia. This study aims to compare the effects and mechanisms of FiCO2 vs. hypercapnia induced by low tidal volume ventilation or instrumental dead space.

Methods: Healthy pigs underwent left UPAL and were allocated for 48 h to the following: Volume-controlled ventilation (VCV) with VT 10 ml/kg (injury, n = 6); VCV plus 5% FiCO2 (FiCO2, n = 7); VCV with VT 6 ml/kg (low VT, n = 6); VCV plus additional circuit dead space (instrumental VD, n = 6). Histological score, regional compliance, wet-to-dry ratio, and inflammatory infiltrate were assessed to evaluate lung injury at the end of the study. To investigate the mechanisms of protection, we quantified the redistribution of ventilation to the non-ligated lung, as the ratio between the percentage of tidal volume to the right and to the left lung (VTRIGHT/LEFT), and the hypoperfusion of the ligated lung as the percentage of blood flow reaching the left lung (PerfusionLEFT).

Results: In the left ligated lung, injury was prevented only in the FiCO2 group, as indicated by lower histological score, higher regional compliance, lower wet-to-dry ratio and lower density of inflammatory cells compared to other groups. For the right lung, the histological score was lower both in the FiCO2 and in the low VT groups, but the other measures of injury showed lower intensity only in the FiCO2 group. VTRIGHT/LEFT was lower and PerfusionLEFT was higher in the FiCO2 group compared to other groups.

Conclusion: In a model of UPAL, inhaled CO2 but not hypercapnia grants bilateral lung protection. Mechanisms of protection include reduced overdistension of the non-ligated and increased perfusion of the ligated lung.
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INTRODUCTION

Pathologic changes in lung perfusion in acute respiratory failure include a spectrum of functional and anatomical alterations ranging from impaired regional vaso-regulation to perfusion micro-thrombotic defects to pulmonary embolism (1, 2). These changes might contribute to ventilation-induced lung injury (VILI) through several mechanisms, including alveolar hypocapnia (3, 4), inhomogeneous distribution of ventilation (5–7), and regional hypoperfusion (8, 9). Notably, these mechanisms may be at play even when ventilation is delivered within protective limits. In the current clinical practice, prevention of VILI is based on the minimization of the injurious effects of tidal volume and pressure (10), the cornerstone of protective ventilation (11). On the contrary, prevention of VILI through correction of pathological alterations due to ventilation and perfusion inhomogeneity has received little attention.

A previous study conducted by our group showed that the addition of 5% CO2 to inspiratory gas prevents bilateral VILI in an experimental model of ligation of the left pulmonary artery (12). Mechanisms of protection included decreased inflammation in both lungs and more homogeneous distribution of ventilation, with reduced overdistension of the right lung.

Inhalation of 5% CO2 corrects alveolar hypocapnia in the ligated lung but also induces plasmatic hypercapnia. A few studies showed that plasmatic hypercapnia per se exerts anti-inflammatory actions and could prevent lung injury (13–15). Inhaled CO2 limits the deleterious consequences of alveolar hypocapnia in the ligated lung dampening pneumoconstriction (16) and surfactant depletion (4, 17). Thus, the question of the mechanism by which CO2 protects the lung (through a specific effect of the inhalation route or by plasmatic hypercapnia) still remains unanswered. Moreover, while the addition of CO2 to inspiratory gas has the unique potential of correcting alveolar hypocapnia, plasmatic hypercapnia can be obtained by clinically easier methods, such as low tidal volume ventilation or the addition of instrumental dead space.

We designed this experimental study to compare the lung-protective effects of inhalation of 5% CO2 vs. hypercapnia obtained either by low tidal volume or instrumental dead space in our model of unilateral pulmonary artery ligation. Our hypothesis was that the effects of inhaled CO2 might be more comprehensive in the presence of unilateral perfusion block, possibly leading to more effective protection of the lungs. We also explored the mechanisms of protection for each lung by monitoring regional ventilation and perfusion by electrical impedance tomography (EIT).



MATERIALS AND METHODS

Figure 1 summarizes the study design. The study was approved by the Italian Ministry of Health (protocol No. 543/2018-PR) and conducted according to the European Directive 2010/63/EU on the protection of animals used for scientific purposes and Italian legislative decree 26/2014. Approval by the Institutional Animal Care Committee was obtained before starting the experiments.


[image: Figure 1]
FIGURE 1. Study design and timeline. Preparation corresponds to anesthesia and invasive monitoring, which took about 1 h. After baseline measurements, animals underwent surgical ligation of the left pulmonary artery. T0 to 48 corresponds to the study period, during which each group received a specific treatment, according to the study group. VT, tidal volume; PEEP, positive end-expiratory pressure in cm H2O; RR, respiratory rate in breaths/min.



Animal Preparation

Twenty-five healthy female pigs (36 ± 5 Kg) were anesthetized, intubated through surgical tracheostomy, and ventilated in the prone position using volume-controlled ventilation with tidal volume (VT) 10 ml/kg, respiratory rate (RR) 25 bpm, inspiratory/expiratory time ratio (I/E) 1:2, positive end-expiratory pressure (PEEP) 5-cm H2O, and FIO2 0.5 (baseline settings).

General anesthesia and neuromuscular blockade were maintained by IV propofol 5–10 mg/kg/h, medetomidine 2.5–10.0 μg/kg/h, and pancuronium bromide 0.3–0.5 mg/kg/h for the whole study period.

After baseline measurements, surgical ligation of the left pulmonary artery was performed as previously described (12). Briefly, a left mini-thoracotomy was performed with the animal in the right lateral position and the main left pulmonary artery was isolated and progressively (5 minutes) occluded and then ligated.



Study Groups

Right after the ligation procedure, animals were turned prone and allocated to one of four study groups:

Left pulmonary artery ligation (injury, n = 6) with the following standard ventilation settings: VT 10 ml/kg, RR 25 bpm, I:E 1:2, PEEP 5 cmH2O, FiO2 0.5.

Left pulmonary artery ligation + inhaled CO2 (FiCO2, n = 7) with standard ventilation settings except for inspired gases switched to a mixture of 50% O2, 5% CO2, and 45% N2.

Left pulmonary artery ligation with low tidal volume (low VT, n = 6) with standard ventilation settings except for VT 6 ml/kg, as recommended by the American Thoracic Society's guidelines of protective ventilation in Acute Respiratory Distress Syndrome (ARDS) patients (18).

Left pulmonary artery ligation with increased instrumental dead space (instrumental VD, n = 6) with standard ventilation settings plus additional tubing positioned after the circuit Y-targeted to end-tidal CO2 of 70–80 mmHg (similar to end-tidal CO2 levels obtained in the low VT group).

All animals were ventilated for 48 h.



Study Measurements

Data from respiratory mechanics, hemodynamics, blood gas analysis, and EIT were collected at baseline and after 2, 12, 24, 36, and 48 h from end of the ligation procedure (T2, T12, T24, T36, T48). The EIT data were recorded and stored for offline analysis by dedicated software (Dräger EIT Data Analysis Tool 6.3, Lübeck, Germany). From EIT ventilation maps we measured regional VT distribution for the right lung (VTRIGHT) and left lung (VTLEFT), the ratio between the two lungs (VTRIGHT/LEFT) and regional respiratory system compliance of each lung as the ratio between regional VT and driving pressure. The EIT perfusion maps were derived from offline analysis of the time–impedance curve obtained during the first pass of a 10-ml bolus of 5% saline solution during end-inspiratory occlusion, as previously described (19), and used to measure the percentage of perfusion to the left lung (PerfusionLEFT).



End of the Experiment

At T48, animals were euthanized, and lung tissue samples were collected for the following:

- Histology: the severity of regional lung injury in each lung was quantified by using a composite histological score, ranging from 0 (no injury) to 30 (severe), as previously described (12).

- Wet-to-dry calculation (12).

- Quantitative immunohistochemical analysis for measuring the percentage of cells positive for myeloperoxidase (MPO, i.e., neutrophils) and allograft inflammatory factor 1 (AIF-1, i.e., macrophages) (20).

- the Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay (ApopTag Plus Peroxidase In Situ Apoptosis Kit from Merck-Millipore) was employed to evaluate apoptosis on tissue samples of the left lungs from two representative animals for each study group as previously described (21).



Sample Size

The difference in histological scoring of the lungs of the four study groups was the primary endpoint of the study. The sample size was similar to the previous animal studies on the same topic (6, 13). However, we performed an exploratory power analysis and we hypothesized, based on our previous study (12), an effect size of 0.75; to obtain the power of 0.8 with alpha 0.05, the minimum sample size resulted in n = 6 per group.



Statistical Analysis

The data are shown as mean ± standard deviation or median [quartiles], as appropriate. The data measured at the end of the experiment were compared using one-way ANOVA or Kruskal–Wallis test, followed by Dunnett or Dunn's test for multiple comparisons. Longitudinal data (physiological and EIT variables along the study time points) was analyzed using repeated measures two-way ANOVA or mixed-effect analysis, as appropriate, with time and group as a covariate. Statistical significance was defined by p < 0.05. Analyses were performed using GraphPad Prism 9.

Additional details are available in the online supplement.




RESULTS


Alterations of Gas Exchange and Respiratory Mechanics

At T48, animals in the FiCO2 group had significantly higher respiratory system and lung compliance and PaO2/FiO2 ratio in comparison to all the other study groups. Indeed, the low VT and instrumental VD groups showed global signs of lung injury in terms of decreased compliance of the respiratory system due to decreased lung compliance and decreased PaO2/FiO2 ratio (Figures 2A–C).


[image: Figure 2]
FIGURE 2. Respiratory mechanics and gas exchanges at the end of the experiment. Respiratory system compliance (A), lung compliance (B), and PaO2/FiO2 ratio (C) were higher in the FiCO2 group compared to the other groups. Data are expressed as mean ± SEM. Comparisons are obtained with ordinary one-way ANOVA or Kruskal–Wallis test for normally and non-normally distributed values, respectively, followed by Dunnett or Dunn's multiple comparison test. *p < 0.05, **p < 0.01 vs. Injury group.


Complete data on respiratory mechanics, blood gases, and hemodynamics at T48 in the four study groups are reported in Supplementary Table S1.



Protection of the Left Ligated Lung

The signs of lung injury for the left ligated lung, including left-side respiratory system compliance measured by EIT, histological score, and wet-to dry ratio, were significantly different between the four study groups (p = 0.005, p = 0.0015, p = 0.026, respectively) (Figures 3A–C). The most efficient lung protection was found in the FiCO2 group, which showed higher regional compliance [14 (12 – 16) vs. 9 (7 – 11), p = 0.02] and lower histological score [3 (2 – 4) vs. 9 (8 – 11), p = 0.01] compared to the injury group.


[image: Figure 3]
FIGURE 3. Left lung injury. Left-side respiratory system compliance at the end of the experiment (A). Histological score of left lungs from each study group (B). Wet-to-dry of left lungs (C). Microscopic appearance of the lungs at the end of the experiment (D). Representative microphotographs of the left ligated lungs from the four study groups (H&E, original magnification 100 ×). Data are expressed as scatter dot plots with mean ± SEM. Comparisons are obtained with ordinary one-way ANOVA or Kruskal–Wallis test for normally and non-normally distributed values, respectively, followed by Dunnett or Dunn's multiple comparison test. *p < 0.05, **p < 0.01 vs. Injury group.


The left lungs of animals in the FiCO2 group showed nearly normal histologic appearance, while injury was evident in all the other study groups. Hemorrhagic areas and inflammatory infiltrate composed mainly of macrophages characterized the injury group; vascular congestion, edema, and inflammatory infiltrate composed of macrophages and lymphocytes were prevalent in the low VT group; extensive consolidation by inflammatory infiltrate composed of macrophages, granulocytes, and lymphocytes described the instrumental VD group (Figure 3D).

Immunohistochemical analyses showed significantly different densities of MPO-positive neutrophils in the left lungs of the four groups (p = 0.002). Interestingly, lungs from the FiCO2 showed the lowest values, while the low VT and instrumental VD groups had very high values (Table 1 and Supplementary Figure S1).


Table 1. Characterization by immunohistochemistry of the lung immune cell infiltrates in the different groups.
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Left lungs from the FiCO2 group also showed the lowest presence of apoptotic cells as detected by the TUNEL assay (Supplementary Figure S2). Conversely, the lungs from the injury, low VT, and instrumental VD showed a high prevalence of apoptotic cells within the lung parenchyma (Supplementary Figure S2).



Protection of the Right Lung

The signs of injury in the right lung differed between groups (p = 0.021 for right-side compliance, p = 0.005 for histological score, p = 0.001 for wet-to-dry ratio). The right-side compliance was higher in the FiCO2 [25 (22 – 28)], while the other two hypercapnic groups did not differ from the injury group [17 (14 – 19) in low VT vs. 16 (14 – 23) in instrumental VD vs. 16 (10 – 16) in the injury] (Figure 4A). However, the histological score was lower both in the FiCO2 (3 ± 1) and in the low VT groups (4 ± 2) as compared to the injury (10 ± 2) (Figure 4B). Like the right-side compliance, the wet-to-dry ratio was lower only in the FiCO2 group [4.4 (4.3–4.5) vs 4.8 (4.5–6.6) in the low VT, 4.8 (4.7–5.0) in the instrumental VD, 5.2 (5.1–6.2) in the injury] (Figure 4C).


[image: Figure 4]
FIGURE 4. Right lung injury. Right-side respiratory system compliance at the end of the experiment (A). Histological score of right lungs from each study group (B). Wet-to-dry of right lungs (C). Microscopic appearance of the lungs at the end of the experiment (D). representative microphotographs of the right lungs from the four study groups (H&E, original magnification 100 ×). Data are expressed as scatter dot plots with mean ± SEM. Comparisons are obtained with ordinary one-way ANOVA or Kruskal–Wallis test for normally and non-normally distributed values, respectively, followed by Dunnett or Dunn's multiple comparison test. *p < 0.05, **p < 0.01 vs. Injury group, and *** p < 0.001 vs. Injury group.


Again, except for the right lung of the FiCO2 group – which showed nearly normal histologic appearance – various patterns of injury were observed in all the study groups at histological microscopic analysis. The right lungs of the injury group presented almost complete consolidation with a dense inflammatory infiltrate, composed of granulocytes, histiocytes, and lymphocytes, while right lung injury in the low VT and instrumental VD consisted in a mild macrophagic infiltrate with focal areas of emphysema (Figure 4D).

Inflammation in the right lung measured by immunohistochemistry was decreased only in the FiCO2 group, in which MPO-positive neutrophils were almost absent, while the low VT and instrumental VD groups showed similar or even higher levels of neutrophils compared to the injury group (Table 1 and Supplementary Figure S1).



Distribution of Ventilation and Perfusion by EIT

The EIT analysis performed 2 h after pulmonary artery ligation (i.e., a time-point at which mechanisms of injury were already at play but lungs were not injured yet) showed that the ratio between the percentage of tidal volume to the right and the percentage of tidal volume to the left lung was significantly lower in the FiCO2 group as compared to all the other study groups (Figure 5A).


[image: Figure 5]
FIGURE 5. Distribution of ventilation and perfusion by EIT. The ratio between tidal volume distending the right and the left lung [VTRIGHT/LEFT, (A)] at 2 h after ligation of the left pulmonary artery shows significant imbalance in all the study groups, which was decreased only by FiCO2. The percentage of blood flow to the left lung [PerfusionLEFT, (B)] throughout the experiment (average between T2 and T48) was higher in the FiCO2 group compared to the other groups. Representative EIT images for ventilation (blue maps), perfusion (red maps), and distribution (C) showed increased ventilation and perfusion of the left lung in the FiCO2 group. Data are expressed as mean ± SEM. Comparisons are obtained with ordinary one-way ANOVA or Kruskal–Wallis test for normally and non-normally distributed values, respectively, followed by Dunnett or Dunn's multiple comparison test. *p < 0.05, ***p < 0.001 vs. Injury group.


Regional perfusion measured by EIT throughout the study showed that the percentage of blood flow reaching the left ligated lung was higher in the group FiCO2 compared to the other groups (Figure 5B).

Representative EIT images showing the distribution of ventilation and perfusion in the four study groups are displayed in Figure 5C.



Baseline

Before the start of the experiment (i.e., at baseline, measured before the ligation procedure with standard ventilation settings), there were no differences between the animals allocated to the four groups in terms of respiratory mechanics, gas exchange, and hemodynamics (Supplementary Table S2).



Trends of Physiological Variables Over Time

The course of arterial CO2 and arterial pH throughout the study are shown in Figures 6A,B. The evolution of injury through changes in respiratory system compliance and PaO2/FiO2 is shown in Figures 7A,B. The data collected for each variable at all time-points in the four study groups can be found in Supplementary Table S3 and confirm that the most differences appeared after 24 h.


[image: Figure 6]
FIGURE 6. Trend of arterial CO2 and arterial pH throughout the study. Arterial pCO2 (A) and pH (B). Data are expressed as mean ± SEM. Comparisons are obtained with a two-way ANOVA test for normally distributed values followed by Dunnett's multiple comparisons test.



[image: Figure 7]
FIGURE 7. Main global markers of injury. Trend of respiratory system compliance (A) and PaO2/FiO2 (B) throughout the study. Data are expressed as mean ± SEM. Comparisons are obtained with two-way ANOVA test for normally distributed values followed by Dunnett's multiple comparisons test.





DISCUSSION

The main findings of this study can be summarized as follows: The addition of 5% CO2 to inhaled gas confers full bilateral lung protection in experimental unilateral pulmonary artery ligation; hypercapnia is obtained by lowering the tidal volume and by increasing the instrumental dead space, instead, offers limited lung protection, if any, to the right perfused lung and fails to protect the left ligated lung. Mechanisms of lung protection by inhaled CO2 were confirmed in terms of reduced overdistension of the right lung and dampened bilateral lung inflammation. In this context, this study provides novel evidence of the additional role of increased regional perfusion reaching the left ligated lung (probably through the bronchial circulation) in preventing left lung injury.

This experimental study assessed the protection from VILI conferred by inhaled CO2 compared to hypercapnia induced by the low tidal volume and by the increased instrumental dead space in a model of unilateral pulmonary artery ligation. We confirmed that the protection of the left ligated lung is effectively achieved by addition of 5% CO2 to the inspired gas while the alternative methods used to induce hypercapnia were not effective. Our results confirm the mechanisms of injury for the left lung previously described as follows: Inflammation (12) and apoptosis triggered by alveolar hypocapnia (4), which could be effectively prevented by inhaled CO2. Interestingly, our results also showed that, in the left lung, plasmatic hypercapnia induced by the decreased tidal volume or the increased instrumental dead space did not prevent infiltration and activation of immune cells and did not prevent apoptosis. In contrast to adding inspired CO2, alveolar hypoventilation due to instrumental dead space might result in an uneven distribution of CO2 within the lungs, with a limited increase of CO2 content in the left lung due to the dilution with external gases and pulmonary artery perfusion block. A new finding is that inhalation of CO2, but not plasmatic hypercapnia obtained by the other two methods, increases blood flow to the left ligated lung. Our methods do not provide evidence for the source of this higher regional blood flow, but it is likely to derive from bronchial circulation (22). Indeed, bronchial perfusion increases in the presence of higher alveolar O2 and CO2 (23); both might have been obtained by inhaled CO2 through direct effect (for CO2) and higher regional ventilation of the left lung (for O2). Our observation suggests that the reduction of tissue hypoperfusion might be a novel mechanism underlying the protective effect of inhaled CO2 (8, 9, 24).

Concerning the right lung, protection was granted by addition of inhaled 5% CO2 – confirming the previous data (12) – but also by ventilation with low tidal volume. Plasmatic hypercapnia induced by the increased instrumental dead space, instead, was not effective. We have previously reported that hyperventilation and activation of inflammation are the key injurious mechanisms for the right non-ligated lung, which can be effectively prevented by inhaled CO2 (12). In the low VT group, reduced over-distension and plasmatic hypercapnia seemed to protect the right non-ligated lung. However, in our model, right lung protection by low VT was inferior to inhaled CO2, as suggested. However, in our model, lung protection conferred by the low tidal volume was inferior compared to the inhaled CO2, as suggested by higher regional markers of inflammation, lower right-side respiratory system compliance, and higher wet-to-dry ratio. A reason for partial right lung protection by reduced VT might be a lack of prevention of left ligated lung injury yielding organs cross-talk (25).

When we consider the global physiological consequences of lung injury in terms of impairment of oxygenation and respiratory mechanics, they once again confirm that only inhaled CO2 appears to confer effective protection from VILI in this model.

Experimental studies have demonstrated that therapeutic hypercapnia induced by inhaled CO2 is effective in attenuating lung injury in ARDS (15) and in protecting from VILI induced by high tidal volume ventilation (13, 14, 26). Regarding the role of hypercapnia induced by reduction of tidal volume (“permissive hypercapnia”), it has been difficult to separate the protective effect of hypercapnia per se from the established benefit due to the reduction of lung stress and strain (27). Clinical studies indicate that the permissive hypercapnia could improve clinical outcomes (28), but, at the same time, ARDS patients ventilated by a protective strategy developing severe hypercapnia are at higher risk of mortality (29). Experimental studies aimed at dissecting the protective effects of hypercapnia vs. those of low tidal volume have been scarce and led to conflicting results. Hypercapnia induced by reduced tidal volume and the respiratory rate has been shown to amplify inflammatory lung injury in experimental lipopolysaccharide-induced ARDS (30). On the contrary, ventilation with low tidal volumes and associated hypercapnia was proved protective in a model of surfactant depletion (31), although the protective effect seemed to depend mainly upon lower tidal volume (32). In contrast to adding inspired CO2, alveolar hypoventilation by low tidal volumes might result in an uneven distribution of CO2 within the lungs (33), and this could lead to failure to correct areas of alveolar hypocapnia. In conclusion, the reduced tidal volume ventilation with or without the permissive hypercapnia remains a cornerstone of ARDS treatment, but the evidence is growing on the potential role of inhaled CO2 as a complementary strategy leading to full lung protection.

This study has limitations. First, the results partially overlap with our previous work (12); however, we present alternative methods to obtain hypercapnia, as well as new data on regional lung perfusion and apoptosis, which increased our understanding of pathophysiological mechanisms. Second, we applied pragmatic methods to obtain plasmatic hypercapnia using a fixed value for low tidal volume and adding instrumental dead space targeted to a target CO2 level. Other methods might have led to different results; however, our methods reflected values normally used in clinical practice and increase potential clinical translation. Third, alveolar hypocapnia, which is a key mechanism of injury in our model, was not measured, so we can only hypothesize its role to explain the differences between groups. Finally, EIT is a technique with limitations, including imaging limited to a portion of the lung and the relative nature of the measures of regional ventilation and perfusion.



CONCLUSION

This study shows that inhaled CO2 allows more effective bilateral lung protection compared to plasmatic hypercapnia induced by low tidal volume and additional instrumental dead space in a model of left pulmonary artery ligation. Further studies are needed to understand whether a protective strategy combining low tidal volume and inhaled CO2 might be beneficial in patients with large perfusion defects (e.g., ARDS with high dead space fraction).
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