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INTRODUCTION 

 
Patients with preexisting ailments, such as hypertension, cardiovascular disease, diabetes, chronic respiratory illnesses, or 

cancer, are at a greater risk of developing Severe Acute Respiratory Syndrome caused by Coronavirus-2 (SARS-CoV-2) (Zhou et 

al., 2020). Moreover, the severity of SARS-CoV-2 Disease (COVID-19) is closely related to its prognosis. Therefore, basic and 

essential strategies must be implemented to rapidly detect high-risk patients to afford adequate early treatment. While most 

hospitalized patients need only non-invasive oxygen therapy (including non-invasive ventilation [NIV]) as the optimal treatment, 

many patients with COVID-19 develop severe respiratory distress, hypoxemia, or hemodynamic instability. Such patients require 

ABSTRACT: INTRODUCTION: Patients who develop Severe Acute Respiratory Syndrome caused by Coronavirus-2 
(SARS-CoV-2) may be admitted to an Intensive Care Unit (ICU) and be subjected to prolonged Invasive Mechanical 
Ventilation (IMV) to receive adequate oxygen therapy. However, IMV associated with high concentrations of oxygen 
may lead to Hyperoxic Acute Lung Injury (HALI) and Ventilator-Induced Lung Injury (VILI). In an attempt to minimize 
the risk of pulmonary damage, the following hypothesis was raised: Would the association of Eucalyptol inhalation to 
IMV with a high FiO2 be a suitable measure to decrease the secondary lung injury caused by VILI and HALI during 
SARS-CoV-2 Disease (COVID-19) treatment? METHODS: In order to answer this question, the use of nebulized 
Eucalyptol during IMV with 100% FiO2 was investigated, by analyzing respiratory mechanics in vivo and lung 
histopathology and parenchymal morphometry in vitro. 24 animals were randomly divided into 3 groups: one 
subjected to 30 minutes of IMV with 21% FiO2 plus nebulized saline (Group 21%+S), one group subjected to 30 
minutes of IMV with 100% FiO2 plus nebulized saline (Group 100%+S), and a third group subjected to 30 minutes of 
IMV plus 100% FiO2 and nebulization with 10 mg/mL Eucalyptol (Group 100%+E). RESULTS: Changes were 
demonstrated in all respiratory mechanics parameters for the animals in the 100%+S group, as compared with those 
in the 21%+S group, indicating the presence of secondary lung injury associated with VILI and/or HALI. A statistically 
significant decrease was also observed for the respiratory mechanics variables of the animals in the 100%+E group 
when compared with data from the 100%+S group, indicating attenuation of the secondary pulmonary damage due 
to VILI and/or HALI. CONCLUSION:  Treatment with nebulized Eucalyptol at a dose of 10 mg/mL attenuates 
pulmonary lesions due to HALI and VILI, thus presenting as an attractive option for COVID-19 management in 
patients under IMV with high values of FiO2. 
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admission to an Intensive Care Unit (ICU) and, in some cases, use of prolonged invasive mechanical ventilation (IMV) (Sun et al., 

2020; Richardson et al., 2020) to receive adequate oxygen therapy to maintain a blood oxygen saturation (SatO2) > 94% (WHO 

2020; Rello et al., 2020). IMV allows patients to receive a fraction of inspired oxygen (FiO2) of up to 100%. However, prolonged 

administration of high oxygen concentrations can lead to toxic effects that may result in Hyperoxic Acute Lung Injury (HALI), 

thus aggravating pulmonary inflammation and causing apoptotic epithelial cell death (Li, 2007). Moreover, IMV in high-risk 

patients has been seen to increase pulmonary injury caused by severe acute respiratory syndrome (SARS), leading to ventilator-

induced lung injury (VILI) (Nieman et al., 2017). Thus, IMV may induce VILI and lead to a worsened prognosis for COVID-19 

patients. Therefore, it is necessary to seek treatment strategies that prevent IMV-associated pulmonary injury, which could save 

the lives of a large number of patients (Barrasa et al., 2020). 

 

In addition, there is a significant contribution of angiotensin-converting enzyme (ACE) to the interaction between SARS-

CoV-2 and human cells. This interaction causes an increase in angiotensin II (Zou et al., 2020), a peptide involved in 

inflammation, decreased alveolar fluid clearance, and remodeling in lung tissue (Ismael-Badarneh et al., 2015; Forrester et al., 

2018). For this reason, studies involving compounds capable of promoting ACE inhibition and the suppression of cytokines 

produced from viral infection are necessary (Sriram; Insel., 2020; Chen et al., 2020). 

 

One possible means to reduce pulmonary damage resulting from HALI and/or VILI (a potential side effect during the 

management of severe COVID-19) would be to employ a natural product such as Eucalyptol in association with IMV. Eucalyptol 

(also known as 1,8-Cineol) is a major constituent of the oil obtained from the leaves of eucalyptus species, such as Eucalyptus 

globulus Labill. It is a terpenoid with anti-inflammatory properties free of the side effects commonly observed during 

corticosteroids.  

 

Studies have shown that Eucalyptol possesses biological activity that includes various mechanisms and several notable 

molecules capable of curtailing the development of inflammation in the respiratory system, such as reduction of tracheobronchial 

resistance (Nascimento et al., 2009), downregulation of molecules involved in mucus production, and promotion of anti-

inflammatory activity in asthmatic subjects (Zhou et al., 2007). In addition, Eucalyptol had the potential to inhibit ACE, and 

reduce the expression of NF-κB, proteases and several pro-inflammatory cytokines (Dey et al., 2014; Kim et al., 2015).  

 

With the above findings in mind, the following hypothesis was raised: Could Eucalyptol inhalation be used as a strategy to 

reduce secondary pulmonary damage caused by VILI and HALI arising from high-FiO2 IMV during the management of severe 

COVID-19? To answer this question, this work aimed to investigate the use of nebulized Eucalyptol during IMV with a high FiO2 

by analyzing respiratory mechanics in vivo and pulmonary histopathology parenchymal morphometry in vitro. 

 

 

MATERIALS AND METHODS 
 

2.1 Animals 

Male Wistar rats (7-8 weeks of age), with an average body mass of 200 ± 50 g were fed with chow and to water ad 

libitum, and housed in a controlled environment (18–22 °C, 50–70% relative humidity, 12/12 h light/dark cycle), were used in this 

study. The rats were housed in plastic cages under controlled environmental conditions. The animal ethics committee of the Ceará 

State University (CEUA-UECE) had previously approved all animal use and care procedures. 

 

24 animals randomly divided into three groups (n = 8) were used. To simulate IMV without supplemental oxygen and no 

combined treatment, the first group was subjected to 30 minutes of IMV with a FiO2 of 21% and nebulized saline (Group 21%+S). 

Next, a simulation of IMV associated with a high oxygen fraction was performed utilizing a second group subjected to 30 minutes 

of IMV with a FiO2 of 100% and nebulized saline (Group S+100%). Finally, a simulation of IMV with high-concentration oxygen 

therapy and an associated treatment was performed using a third group subjected to 30 minutes of IMV with an FiO2 of 100% and 

nebulization with 10 mg/mL of Eucalyptol (Sigma Chemical Co., St. Louis, MO, USA) (Group 100%+E). This dosage was 

chosen based on a previous study that used nebulized Eucalyptol to treat acute lung inflammation (Kennedy-Feitosa et al., 2016). 

 

2.2 Experimental protocol  

All respiratory system mechanics data were collected through an experimental platform (Figure 1). The platform contained 

a mechanical ventilator for small animals (Figure 1A), a receptacle for the nebulization solution (Figure 1B), and an ultrasonic 

nebulizer (Figure 1C) attached to a water bath (Figure 1D), which maintained the solution at 37°C. Cylinders of compressed air 

(Figure 1E) and oxygen (Figure 1F) were attached to a blender (Figure 1G), where the required FiO2 (21% or 100%) was adjusted 

and later directed to the ventilator. The test subjects were connected to the mechanical ventilator using a tracheal cannula (Figure 

1H). 
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Figure 1. Experimental Platform. A- Mechanical ventilator for small animals; B- Receptacle for the inhaled solution; C- 

Ultrasonic nebulizer; D- Heating bath; E- Compressed air cylinder; F- O2 cylinder; G- Blender; H- Cannula for subjection 

connected to the ventilator. 

 

2.3 Respiratory system mechanics                                                                                                        

Animals were anaesthetized (ketamine: xylazine 100:10 mg/kg), tracheostomized, intubated (using a 14-gauge cannula) and 

then connected to a computer-controlled ventilator for small animals (Scireq© - flexiVent®, Montreal, QC, Canada). Subjects were 

then submitted to neuromuscular blockade (pancuronium bromide - 0.5 mL/kg, ip, Cristália, Brazil) and ventilated at baseline 

patterns at a frequency of 90 breaths/min, tidal volume of 10 mL/kg, with a pressure limit of 30 cm·H2O, and positive end-

expiratory pressure (PEEP) of 3 cm·H2O.   

 

Immediately after standardization of the mechanical history, respiratory system impedance (Zrs) was measured by the 

forced oscillation technique (FOT) (Hantos et al., 1992), using 12 sequential 30 s-sampling intervals for a total of 6 minutes (12 

total). The FOT allows the acquisition of information regarding Newtonian resistance (𝑅𝑁), tissue elastance (𝐻), and tissue 

resistance (𝐺). Following this procedure, five quasi-static PV curves were obtained to measure 𝐶𝑆𝑇, an estimate of inspiratory 

capacity (𝐼𝐶), and PV loop area. Measurements of the respiratory system mechanics mentioned above were performed at two 

different times. The first measurement occurred immediately after the animals were connected to the ventilator (Subgroups 

21%+S-0’, 100%+S-0’ and 100%+E-0’). The second set was performed after 30 minutes of ventilation using the respective 

nebulization solution for each group. Respiratory system mechanics data were analyzed in terms of Newtonian resistance variation 

(𝛥𝑅𝑁), elastance variation (𝛥𝐻) and tissue resistance change (𝛥𝐺), for those measurements pertaining to the constant phase 

model. Variations of compliance (𝛥𝐶𝑆𝑇), inspiratory capacity (𝛥𝐶𝐼) and in PV loop area (𝛥𝐴𝑟𝑒𝑎) were also analyzed for those 

measurements referring to the PV curve. It was adopted 𝛥 as the parameter at time 30’ minus its value at time 0’; for these 

calculations, all values were standardized according to the 0’ time values. Thus, results pertaining to respiratory system mechanics 

will be presented as a function of increased or decreased fractions of the respective variables after 30 minutes of IMV. 

 

2.4 Histological study 

After determination of the respiratory system mechanics, left lung was kept at functional residual capacity and fixed in 

Millonig's formaldehyde (100 mL HCHO, 900 mL H2O, 18.6 g NaH2PO4, 4.2 g NaOH). Glass slides containing sections of the 

lung were stained with hematoxylin and eosin (HE) and examined by optical microscopy according to their qualitative and 

quantitative aspects. 

 

The point-counting technique determined the fraction area of alveolar collapse and the amount of polymorphonuclear 

(PMN) cells and pulmonary tissue (Weibel et al., 1990). Air-space enlargement was quantified by the mean linear intercept length 

of the distal air spaces (𝐿𝑚) in 30 randomly chosen fields of tissue sections per group (Knudsen et al., 2010). Cellularity was 

assessed at 1000x magnification across 10-15 random non-coincident microscopic fields in each animal. Morphometric analyses 

and determination of bronchoconstriction indices were performed at 400x magnification. Bronchoconstriction index (𝐵𝐶𝐼) was 

determined in 10 non-coincident microscopic fields per animal, using a reticulum and applying the equation 1 (Sakae et al., 1994): 

𝐵𝐶𝐼 =
𝑁𝐼

√𝑁𝑃
                    (1) 

where 𝑁𝑃 is number of points in the airway lumen and 𝑁𝐼 is intercepts through the airway wall.  

 

2.5 Statistical Analyses 

Statistical analyses were performed using GraphPad Prism version 5.00 (GraphPad, San Diego, CA, USA). Results are 

presented as mean ± SD, where n represents the number of samples. We used a one-way analysis of variance (ANOVA) to 

compare groups, followed by the Student–Newman–Keuls test. Multiple comparisons were then corrected with a Bonferroni test. 

A difference was considered significant if p < 0.05. 
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RESULTS 

     Figure 2 shows the respiratory system analyses for animals of the three groups: Group 21%+S (𝛥𝑅𝑁= 0.078±0.025, 𝛥𝐺= 

0.091±0.043, 𝛥𝐻= 0.117± 0.052, 𝛥𝐶𝑆𝑇= -0.097±0.048, 𝛥𝐶𝐼= -0.062±0.026, 𝛥𝐴𝑟𝑒𝑎= 0.085±0.031) underwent IMV with 21% 

FiO2 and 30 minutes of saline nebulization; Group S+100% (𝛥𝑅𝑁= 0.754±0.182, 𝛥𝐺= 0.836±0.250, 𝛥𝐻= 0.912±0.351, 𝛥𝐶𝑆𝑇= -

.400±0.142, 𝛥𝐶𝐼= 0.433±0.091, 𝛥𝐴𝑟𝑒𝑎 =0.508±0.171) was subjected to IMV with a FiO2 of 100% plus 30 min of saline 

nebulization; and Group 100%+E (𝛥𝑅𝑁= 0.268±0.066, 𝛥𝐺= 0.369±0.129, 𝛥𝐻= 0.246±0.088, 𝛥𝐶𝑆𝑇= -0.195±0.074, 𝛥𝐶𝐼= -

0.159±0.074, 𝛥𝐴𝑟𝑒𝑎= 0.182±0.075) underwent IMV at 100% FiO2 and 30 minutes’ nebulization with a solution of 10 mg/mL 

Eucalyptol. 

 

 

Figure 2. Respiratory system parameters for rats submitted to invasive mechanical ventilation (IMV) with FiO2 21% and 30 

minutes’ nebulization with saline (Group 21%+S), or with FiO2 100% and 30 minutes’ nebulization with saline (Group 100%+S) 

or 10 mg/mL of Eucalyptol (Group 100%+E). Data are presented as a function of the measurements obtained using the Constant 

Phase Model (𝛥𝑅𝑁: variation in Newtonian resistance, 𝛥𝐻: variation in tissue elastance, and  𝛥𝐺: variation in tissue resistance) 

and PV curve (𝛥𝐶𝑆𝑇: variation of static compliance, 𝛥𝐶𝐼: variation in inspiratory capacity, and 𝛥𝐴𝑟𝑒𝑎: variation of PV Loop 

area). a Different from 21%+S group (p<0.05). b Different from 100%+S group (p<0.05). By one-way ANOVA followed by 

multiple comparisons corrected with Bonferroni's test. 

Figure 3 shows the PV curve graphs. Figure 3A presents the PV curve graphs for Group 21%+S with data from time 0 

(21%+S-0’) and after 30 minutes of IMV with 21% FiO2 and saline nebulization (21%+S-30’). Figure 3B shows graphs for Group 

100%+S with data from time 0 (100%+S-0’) and after 30 minutes of IMV with 100% FiO2 plus saline nebulization (100%+S-30’). 

Figure 3C shows graphs for Group 100%+E, with data from time 0 (100%+E-0’) and after 30 minutes of IMV with 100% FiO2 

plus nebulization of 10 mg/mL of Eucalyptol (100%+E-30’), as well as for Group 100%+S, with data collected after 30 minutes 

of IMV and 100% FiO2 plus saline nebulization (100%+S-30’). PV loops were generated using the data provided by the stepwise 

PVr-P maneuver. 

 

 
 

Figure 3. PV curves. A- PV curves for group 21%+S, data collected at time 0 (21%+S-0’) and after 30 minutes of ventilation with 

FiO2 21% and saline nebulization (21%+S-30’). B- PV curves for group 100%+S, data collected at time 0 (100%+S-0’) and after 

30 minutes of ventilation with FiO2 100% and saline nebulization (100%+S-30’). C- PV curves for group 100%+E, data collected 

at time 0 (100%+E-0’) and after 30 minutes of ventilation with FiO2 100% and nebulization with 10 mg/mL Eucalyptol (100%+E-

30’), and for group 100%+S, data collected after 30 minutes of ventilation with FiO2 100% and saline nebulization (100%+S-30’). 
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Figure 4 depicts representative lung histological images for the 21%+S, 100%+S and 100%+E groups. Alveolar collapse, 

thickened septa and cellular infiltrates observed in the photomicrographs of the pulmonary parenchyma of the 100%+S and 

100%+E groups. 

 

 

Figure 4. Photomicrographs of lung parenchyma and airway (inserts), stained with hematoxylin-eosin for groups 21%+S, 

100%+S and 100%+E. Thin arrows: thickened septa; thick arrows: cellular infiltrates; and circles:  

Finally, Table 1 displays alveolar collapse, the quantity of polymorphonuclear cells, mean alveolar diameter, and 

bronchoconstriction index (𝐵𝐶𝐼) for the three groups. An increase in alveolar collapse, PMN cells, 𝐿𝑚 and 𝐵𝐶𝐼 within the 

100%+S group, when compared with the 21%+S group, was observed. Altogether, these findings may suggest pulmonary 

inflammation and bronchoconstriction caused by invasive mechanical ventilation with 100% FiO2 for 30 minutes. Furthermore, a 

statistically significant decrease was also observed in the values of collapsed alveoli and the PMN cells in the 100%+E group 

compared with the 100%+S group, which demonstrates attenuation in the pulmonary injury caused by invasive mechanical 

ventilation with 100% FiO2 during 30 minutes, due to nebulization with Eucalyptol. 

 

Table 1. Morphometric parameters for rats submitted to invasive mechanical ventilation  

Groups 
Alveolar Collapse  

(%) 

PMN Cells  

(x10-3/µm2) 

Mean alveolar diameter 

(µm) 
𝐵𝐶𝐼 

21%+S 9.82 ± 1.72 19.44 ± 3.39 40.22 ± 2.77 2.29 ± 0.15 

100%+S 23.74 ± 2.74ª 29.61 ± 4.25a 33.39 ± 4.41a 2.74 ± 0.20a 

100%+E 16.12 ± 3.19ª,b 23.19 ± 3.79b 37.51 ± 4.13 2.47 ± 0.28 

Morphometric parameters for rats submitted to invasive mechanical ventilation (IMV) with FiO2 21% and 30 minutes’ nebulization with saline 

(Group 21%+S), or with FiO2 100% and 30 minutes’ nebulization with saline (Group 100%+S) or 10 mg/mL of Eucalyptol (Group 100%+E). 

Values are mean ± SD of 21%+S, 100%+S and 100%+E groups. Data collection was performed in ten matched fields per rat. PMN, 

polymorphonuclear cells; 𝐵𝐶𝐼, bronchoconstriction index. aDifferent from 21%+S group (p<0.05). bDifferent from 100%+S group (p<0.05). By 

one-way ANOVA followed by multiple comparisons corrected with Bonferroni's test. 

 

DISCUSSION 

 
Unfortunately, no vaccines or antiviral drugs currently exist to effectively prevent or treat infection caused by SARS-CoV-

2. However, there are significant efforts worldwide to find appropriate therapies. Of note are studies using medications such as 

chloroquine, hydroxychloroquine, or remdesivir in vitro (Yao et al., 2020; Liu et al., 2020; Choy et al., 2020) or in vivo (Singh et 

al., 2020; Chorin et al., 2020), as well as trials using convalescent plasma (Duan et al., 2020; Zhang et al., 2020; Shen et al., 

2020). It is estimated that more than 150 drugs are currently being tested for the treatment of COVID-19. In the absence of 

treatment that could effectively eliminate SARS-CoV-2 from the human body, alternative methods are being evaluated as 

management strategies suitable for severe and critical patients in medical care facilities. These include invasive mechanical 

ventilation (IMV) associated with oxygen therapy (Namendys-silva, 2020; Murthy et al., 2020; Taisheng et al., 2020; Wang et al., 

2020) in intensive care units (ICU). Approximately 30-40% of patients admitted to the ICU require invasive ventilatory support 

(ICNARC, 2016). Invasive mechanical ventilation (IMV) occurs when a mechanical ventilator is connected to the patient via an 

endotracheal or tracheostomy tube, through which it intermittently inflates the airways with volumes of air (tidal volume), which 

can be predefined. IMV can help stabilize patients with hypoxemic respiratory failure (Kapitan, 2013), decrease inspiratory work 

of breathing (Reid, 1994), and allow for the implementation of lung-protective (low tidal volume) ventilation in patients with 

SARS (Brower et al., 2000). 

 

A study that examined adult patients infected with SARS-CoV-2 in the University Hospital of Araba (Vitoria, Spain) 

suggests that oxygen therapy saves lives. The authors report that even after 15 days of stay in the ICU, half of the study patients 

were still intubated, while one-third did not survive (Barrasa et al., 2020). Another study that analyzed the use of remdesivir in the 

treatment of 237 patients admitted to hospital with severe forms of COVID-19 reported that the duration of oxygen therapy for 

these patients was up to 38 days (an average of 25 days), and that mechanical ventilation lasted for up to 21 days (mean 15.5 days) 
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(Wang et al., 2020). These studies demonstrate the need for prolonged IMV associated with oxygen therapy for the management 

of severe cases of COVID-19. However, such therapies can cause Ventilator Induced Lung Injury (VILI) and/or Hyperoxic Acute 

Lung Injury (HALI). Therefore, there is an urgent need for studies that find treatment strategies to mitigate these secondary lung 

injuries that may arise and thus worsen the prognoses of critically-ill patients affected by SARS-CoV-2. Based on this—and 

although in the present study, groups of animals exposed to SARS-CoV-2 were not used, an indirect analysis of the effects of 

IMV and high-concentration oxygen therapy on the respiratory systems of healthy animals was performed in an attempt to 

increase knowledge about the mechanical and physiological pulmonary mechanisms involved in VILI and/or HALI. In addition, 

nebulized Eucalyptol was used as a treatment strategy to mitigate secondary pulmonary lesions caused by VILI and/or HALI. 

 

Regarding the results, respiratory system mechanics were evaluated using the FOT and PV curves (Figure 2). In the FOT, 

Newtonian resistance (𝑅𝑁) characterizes an estimate of the total central airway resistance (Bates, 2009); tissue resistance (𝐺) and 

tissue elastance (𝐻) represents intrinsic properties of the tissue (Fredberg and Stamenovic, 1989; Bates, 2009). In the PV curve, 

the static compliance (𝐶𝑆𝑇) measures the lung tissue distensibility; the estimate of inspiratory capacity (𝐼𝐶) is obtained from the 

volume of air received by the lungs up to a pressure of 30 cmH2O; while the PV Loop Area indicates the amount of atelectasis 

(air-space closure) that existed before the PV-curve maneuver (West, 2012).   

 

As mentioned above, data relating to respiratory mechanics are analyzed in terms of variations (𝛥) of the variables, where 

𝛥 means the value for the parameter at time 30' minus its value at time 0'. Therefore, the results for respiratory system mechanics 

are presented in terms fraction of increase or decrease for each variable after 30 minutes of invasive ventilation, with an FiO2 of 

either 21% associated with nebulized saline (Group 21%+S), or with 100% FiO2 associated with either nebulized Eucalyptol 

(Group 100%+E) or saline (Group 100%+S). Regarding the results obtained during the FOT, a statistically significant increase 

was observed in the values of 𝛥𝑅𝑁, 𝛥𝐺 and 𝛥𝐻 in the 100% + S group, when compared with the 21% + S group. The increase in 

𝛥𝑅𝑁 may indicate increased stiffness of airway smooth muscle, which can be proven further in the analyses of lung parenchyma 

morphometry (Table 1, 𝐵𝐶𝐼) and histology (Figure 4, inserts). An increased 𝑅𝑁 is expected when O2 inhalation occurs in high 

concentrations due to changes in the airway epithelium, the arterial vascular bed, the alveolar septa, and the pleural spaces (Crapo, 

1986). 

 

Still, concerning 𝛥𝑅𝑁, a statistically significant decrease was observed between the values for groups 100%+E and 

100%+S, thus demonstrating attenuation of airway smooth muscle lesions when Eucalyptol is nebulized in association with an 

FiO2 of 100%. This result is corroborated by the improvement seen in the photomicrographs (Figure 4, inserts) and a reduction in 

the values for 𝐵𝐶𝐼 (Table 1, 𝐵𝐶𝐼). 
 

The relaxing or bronchodilator effect of Eucalyptol on airway smooth muscle has been documented previously (Gondim et 

al., 2019; Kennedy-Feitosa et al., 2016). The use of Eucalyptol nebulization during high-FiO2 IMV is a potential therapeutic 

strategy to attenuate the secondary damage caused by HALI and/or VILI in the smooth muscle of these patients' airways. 

Additionally, previous studies have observed that the lower airway is the primary target of infection in severe COVID-19 (Lee et 

al., 2020), thus making nebulized Eucalyptol during IMV an attractive option for reducing airway damage caused by SARS-CoV-

2. 

Resistance (𝐺) and elastance (𝐻) are related to the intrinsic properties of the pulmonary tissue; their values may be related 

to changes in tissue rheological properties (Bates, 2009). Regarding the results, a significant increase in the values of 𝛥𝐺 and 𝛥𝐻 

for the animals in the 100%+S group compared with those of the 21%+S group. This indicates changes in the lung parenchyma 

caused by IMV with 100% FiO2. The presence of alveolar septal thickening can confirm these changes, cell infiltrates (Figure 4), 

alveolar collapse (Figure 4 and Table 1), and the smaller mean alveolar diameter (𝐿𝑚) (Table 1).  

 

Hyperoxia causes the release of a large number of pro-inflammatory cytokines, such as interleukin 1-beta (IL-1ß) and 

tumor necrosis factor-alpha (TNF-α) (Ben-Ari et al., 2000); damage to type I pneumocytes (Lian et al., 2005); hyperplasia of type 

II pneumocytes (Babu et al., 2005); non-cardiogenic pulmonary edema (Song et al., 2000); alveolar hemorrhage with increased 

alveolar septum thickness (Dauger et al., 2003); and neutrophilic infiltration (Yamada et al., 2004). These findings corroborate the 

increased values for 𝛥𝐺 and 𝛥𝐻  of the animals in group 100% + S. A previous study analyzed oxidative damage and cellular 

infiltrates in lung parenchyma of animals exposed to an oxygen fraction of 100%, with significant tissue damage and macrophage 

infiltration being observed in animals exposed for even only 10 minutes (Valença et al., 2007). 

 

There was also a statistically significant decrease in the values of 𝛥𝐺 and  𝛥𝐻 among the animals in the 100%+E group 

when compared with the 100%+S group. This indicates attenuation of damage at the level of the lung parenchymae of animals 

exposed to IMV with 100% FiO2 associated with nebulized Eucalyptol. Previous studies have shown antioxidant and anti-

inflammatory effects for Eucalyptol (Zhao et al., 2014; Kennedy-Feitosa et al., 2016), which may explain the improvement in 

these variables' values.     

                                                                

Previous studies have also shown increased serum levels of pro-inflammatory cytokines associated with pulmonary 

inflammation and extensive lung damage in SARS (Wong et al., 2004). Furthermore, lung injury caused by SARS-CoV-2 is 

characterized by pulmonary parenchyma destruction with interstitial inflammation (Nishiura et al., 2020). Thus, besides 

Eucalyptol displaying potential as a treatment option for the prevention of HALI and VILI, these results are yet another reason to 
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consider this oil as the possibility for the treatment of severe COVID-19 patients dependent on IMV with high FiO2, as its 

capability to attenuate inflammation-associated increases in cell numbers and production of cytokines has been demonstrated. 

Thus, Eucalyptol may be a potentially significant agent in managing pulmonary inflammation (Kim et al., 2015). 

 

Regarding the results obtained through the PV curves, a statistically significant change was observed in the values of ∆𝐶𝑆𝑇, 

𝛥𝐶𝐼 and 𝛥𝐴𝑟𝑒𝑎, for the animals in the 100%+S group compared with the animals in the 100%+E group (Figure 2). The decreases 

in the ∆𝐶𝑆𝑇 and 𝛥𝐶𝐼 values may be associated, as a lower 𝐶𝑆𝑇 is related to increased lung tissue stiffness (Bates, 2009) or changes 

in alveolar surfactant (Wagers et al., 2001), thus creating more significant pressures for lung expansion, resulting in a lower 𝐶𝐼. 
The increased 𝛥𝐴𝑟𝑒𝑎 value for the animals in the 100%+S group can be attributed to various types of tissue changes, such as 

edema, alveolar collapse, and an increased presence of PMN cells (Table 1).  

 

There was also a statistically significant change in the values of ∆𝐶𝑆𝑇 , 𝛥𝐶𝐼 and 𝛥𝐴𝑟𝑒𝑎 for the animals in the 100% + E 

group compared with the animals in the 100% + S group (Figure 2). These findings support the previous discussion regarding the 

mitigation of secondary lung injury caused by IMV + 100% FiO2, which is affected by the association of nebulized Eucalyptol 

with respiratory treatment. 

 

Previous studies suggest that the production of surfactant proteins, along with other respiratory responses in the lungs of 

COVID-19 patients, could be downregulated (Islam et al., 2020); this reinforces the need for alternative treatments that improve 

𝐶𝑆𝑇 in this disease, again rendering Eucalyptol nebulization an attractive option. Hysteresis was analyzed as an alternative method 

to assess lung injury caused by high-FiO2 IMV associated with Eucalyptol nebulization (the area between the inflating and 

deflating portions of the PV loop - Figure 3). The PV loop method has been shown to yield reliable results (Ingimarsson et al., 

2003; Dyhr et al., 2004). 

 

Plotting the PV curve is a technique used to obtain an objective diagnosis of the static mechanical properties of the 

respiratory system, having been adapted for use in intensive care unit (ICU) patients. Its application is usually reserved for 

patients with acute respiratory failure (ARF), including those with acute respiratory distress syndrome (ARDS), situations for 

which it has been proposed to observe the evolution of clinical severity. Regarding the results, Figure 3A shows the PV curves of 

animals in group S+21%. Data were obtained during the PV-curve maneuvers immediately after connecting the animal to the 

mechanical ventilator (21%+S-0') and 30 minutes after IMV with 21% FiO2, performed with saline nebulization (21%+S-30'). An 

increased area and a shift in the curve to the right were observed at 21%+S-30', reflecting a decrease in 𝐶𝑆𝑇 And the presence of 

areas of atelectasis (West, 2012). These findings seem to reaffirm the induction of VILI by 30 minutes of IMV.  

 

Figure 3B shows the PV curves of the animals in the 100%+S group. The data were obtained using PV-curve maneuvers 

immediately after connecting the subject to the ventilator (100%+S-0') and after 30 minutes of IMV + FiO2 100% associated with 

saline aerosol (100%+S-30'). A sharp shift of the curve to the right and a marked increase in its area can be observed at 100%+S-

30'. The strong shift to the right reflects the augmented  𝐶𝑆𝑇 (Bates, 2009), and the increased curve area indicates the need for 

greater pressure to open up areas of the lung due to atelectasis (Amato et al., 2015). These findings are in accordance with 

pulmonary parenchyma injury caused by HALI and VILI, the explanation for which was already reported above. Figure 3C shows 

the PV curves of animals of group E+100%; data collection occurred via PV-curve maneuvers performed immediately after the 

animal had been connected to the ventilator (100%+E-0') and again after 30 minutes’ IMV using 100% FiO2 and Eucalyptol 

nebulization (100%+E-30'). Although one can also observe at 100%+E-30' an increase in area and displacement of the curve to 

the right, curve layouts appear closer to those at 100%+E-0', compared with those of 100%+S-30'. This indicates an improvement 

in pulmonary parameters affected by the Eucalyptol treatment. 

 

After analyzing all of the above results, we return to the initial hypothesis: Could the association of inhaled Eucalyptol to 

treatment with IMV + high FiO2 be an appropriate strategy to minimize secondary lung injury caused by VILI and HALI in 

COVID-19 management? The answer is yes. Eucalyptol nebulization appears to be a promising candidate for use in IMV 

combined with oxygen therapy to prevent lung injury arising during the management of COVID-19. Furthermore, this therapy has 

the potential also to ameliorate the lung damage caused by SARS-CoV-2 infection itself since the angiotensin-converting enzyme 

(ACE) contributes significantly to the interaction of the SARS-CoV-2 with human cells (Zou et al., 2020), and Eucalyptol has 

already shown an ACE inhibitory effect (Dey et al., 2014). 

 

This study has several limitations. First, due to technical restrictions, tests using groups of animals affected by SARS-CoV-

2 were not carried out, which may limit the extrapolation of results. Secondly, it would be pertinent to perform analyses in groups 

exposed to lower FiO2 values (e.g., 60%), which may more accurately portray the treatment of patients suffering from severe 

SARS coronavirus-2 infection (Angel et al., 2020). Thirdly, although the nebulized dose of 10 mg/mL has been reported 

previously (Kennedy-Feitosa et al., 2016), prior dose-response types of studies would have been able to find the lowest dose of 

Eucalyptol with the most significant effect.  

 

CONCLUSION 

In conclusion, evidence was found that treatment with nebulized Eucalyptol at a dose of 10 mg/mL effectively minimized 

pulmonary damage that would typically arise from HALI and VILI. This plant-derived oil is an attractive option in managing 
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patients presenting with severe forms of COVID-19 and who require IMV with high concentrations of oxygen. Thus, this study 

provides a starting point for further animal or clinical trials using this compound to treat lung lesions caused by managing 

infection caused by SARS-CoV-2 and the pulmonary damage caused by the virus itself. 
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