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ABSTRACT
BACKGROUND: Currently, respiratory support is successfully used to treat pulmonary edema of non-toxic origin. The manifes-
tations of pulmonary edema of non-toxic origin and toxic pulmonary edema have similar features, so respiratory support can 
be effective in treating the latter.
AIM: To describe the manifestations of toxic pulmonary edema in rabbits and demonstrate the effectiveness of artificial pulmo-
nary ventilation with support of positive end-expiratory pressure (PEEP) in case of severe intoxication with thermal destruction 
products of fluoroplastic-4.
MATERIALS AND METHODS: Three rabbits were used in the study: rabbit N 1 (control), rabbit N 2 (intoxication) and rabbit 
N 3 (treatment). Rabbits N 2 and 3 were subjected to severe intoxication with thermal destruction products of fluoroplas-
tic-4 (1,5 HLC50, 15 min). For treatment, rabbit N 3 (treatment), an hour after exposure, underwent mechanical ventila-
tion with PEEP (pressure-controlled mode; oxygen fraction — 0,3; starting PEEP — 5 cm H2O, tidal volume — 20–25 ml). 
At various times, chest radiography was performed, oxygenation index, hemoglobin saturation (SaO2), and partial pressure of 
carbon dioxide in exhaled air (PetCO2) were determined. Posthumously, pathological changes in lung tissue, pulmonary coef-
ficient were determined, and histological examination was performed.
RESULTS: Exposure of rabbit N 2 (intoxication) to the thermal destruction products of fluoroplastic-4 led to the sequential for-
mation of the interstitial and alveolar phases of toxic pulmonary edema, which contributed to its death 13 hours after exposure. 
As SaO2 decreased and PetCO2 increased (3 and 5 hours after exposure), in rabbit N 3 (treatment), during respiratory support, 
PEEP was increased twice by 2 cm H2O (maintaining a given respiratory volume), which led to the normalization of the studied 
parameters. On the 7th day after exposure, the condition of rabbit N 3 (treatment) did not differ from the condition of rabbit N 1 
(control); no pathological changes in the respiratory system were detected. 
CONCLUSION: Carrying out mechanical ventilation with PEEP, started an hour after exposure (with a stepwise increase in PEEP 
as the condition worsens), is effective for correcting toxic pulmonary edema in rabbits caused by severe intoxication with the 
thermal destruction products of fluoroplastic-4.
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АННОТАЦИЯ
Актуальность. Для лечения нетоксического отека легких успешно используют респираторную поддержку. Проявления 
отека легких нетоксического генеза и токсического отека легких имеют схожие черты, поэтому респираторная под-
держка может быть эффективна и для лечения последнего. 
Цель исследования — показать эффективность проведения искусственной вентиляции легких с поддержкой поло-
жительного давления в конце выдоха при тяжелой интоксикации продуктами термодеструкции фторопласта-4. 
Материалы и методы. В исследовании использовали трех кроликов: кролик 1 (контроль), кролик 2 (интоксикация) 
и кролик 3 (лечение). Кроликов 2 и 3 подвергали тяжелой интоксикации продуктами термодеструкции фторопла-
ста-4 (1,5 HLC50, 15 мин). Для лечения кролику 3 через час после воздействия выполняли искусственную вентиля-
цию легких с поддержкой положительного давления в конце выдоха (режим с контролем по давлению; фракция 
кислорода — 0,3; стартовая поддержка положительного давления в конце выдоха — 5 см вод. ст., дыхательный 
объем — 20–25 мл). 
Результаты. Воздействие на кролика 2 продуктов термодеструкции фторопласта-4 приводило к последовательно-
му формированию интерстициальной и альвеолярной фаз токсического отека легких, что способствовало его гибели 
через 13 ч после воздействия. По мере снижения SaO2 и нарастания PetCO2 (через 3 и 5 ч после воздействия) у кроли-
ка 3 во время проведения респираторной поддержки дважды увеличивали положительное давление в конце выдоха 
на 2 см вод. ст. (сохраняя заданный дыхательный объем), что приводило к нормализации исследуемых показателей. 
На 7-е сут после воздействия состояние кролика 3 не отличалось от состояния кролика 1, патологических изменений 
со стороны дыхательной системы не выявили. 
Заключение. Проведение искусственной вентиляции легких с поддержкой положительного давления в конце выдоха, 
начатой через час после воздействия, эффективно для коррекции токсического отека легких у кроликов, вызванного 
тяжелой интоксикацией продуктами термодеструкции фторопласта-4.
Ключевые слова: токсический отек легких; продукты термодеструкции; респираторная поддержка; искусственная 
вентиляция легких; положительное давление в конце выдоха, интоксикация.
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摘要

论证。呼吸支持已成功用于治疗非毒性肺水肿。无毒性肺水肿和中毒性肺水肿的特征相似，因此呼吸

支持对后者可能有效。

研究目的。证明人工肺通气和呼气末正压对氟塑料-4 热降解产物严重中毒的疗效。

材料与方法。研究使用了三只兔子：兔子 1（对照组）、兔子 2（中毒组）和兔子 3（治疗组）。 

兔 2 和兔 3 被氟塑料-4 热降解产物（1.5 HLC50，15 分钟）严重中毒。对暴露一小时后的兔 3 进

行了人工肺通气和呼气末正压支持（压力控制模式；氧气分数 - 0.3；起始呼气末正压支持 - 5 厘

米水柱，潮气量 - 20-25 毫升）。

结果。暴露于氟塑料-4 热分解产物导致兔 2 依次出现间质性和肺泡性中毒性肺水肿，最终在暴露后 

13 小时死亡。由于兔 3 在呼吸支持过程中 SaO2 下降，PetCO2 上升（暴露后 3 小时和 5 小时），

呼气末正压增加了两次，每次增加 2 厘米水柱（保持给定的潮气量），从而使研究参数恢复正常。

暴露后第 7 天，兔 3 的状况与兔 1 的状况没有区别，呼吸系统也未发现任何病理变化。

结论。暴露于氟塑料-4 热分解产物 1 小时后，使用呼气末正压辅助人工肺通气对因严重中毒而出现

的中毒性肺水肿具有良好矫正效果。

关键词：中毒性肺水肿；热分解产物；呼吸支持；人工通气；呼气末正压；中毒。
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BACKGROUND
The management of toxic pulmonary edema is criti-

cal. Various pharmacological strategies to interrupt the 
pathogenetic cascades in the lung tissue, such as the use 
of corticosteroids, cellular antioxidant defense stimula-
tors, and anti-inflammatory drugs, have been proposed 
[1–3]. However, these treatment options showed low ef-
ficacy in experimental models of toxic pulmonary edema 
[4, 5]. In 2009, global guidelines excluded systemic corti-
costeroids for the treatment of acute respiratory distress 
syndrome (ARDS) caused by direct lung injury [6]. The 
2020 Russian clinical guidelines for ARDS treatment rec-
ommended the use of low-dose corticosteroids for com-
munity-acquired pneumonia and/or septic shock, but did 
not advise the use of noncorticosteroid anti-inflammatory 
drugs [7].

Respiratory support consisting of mechanical ventila-
tion with maintenance of positive end-expiratory pressure 
(PEEP) has been successfully used worldwide for treating 
nontoxic pulmonary edema [4, 7–9]. Nontoxic pulmonary 
edema and pulmonary edema induced by pulmonary toxi-
cants have common manifestations. Therefore, respira-
tory support may be an effective strategy for toxic pulmo-
nary edema treatment [10]. In the Russian literature, the 
use of mechanical ventilation in toxic pulmonary edema 
treatment has been recommended [2, 4]. However, no 
experimental confirmation of its effectiveness was found 
in the available literature. In the international literature, 
some studies have shown the effectiveness of respira-
tory support in the treatment of phosgene-induced toxic 
pulmonary edema [5, 10].

This study aimed to describe the manifestations of 
toxic pulmonary edema in rabbits and demonstrate the 
efficacy of mechanical ventilation with PEEP in treating 
severe intoxication with the thermal degradation products 
of fluoropolymer4.

MATERIALS AND METHODS
Three male Soviet chinchilla rabbits were used. The 

study was conducted in accordance with the regulations 
for laboratory animal experiments [11]. The animals were 
divided as follows: rabbit 1, control; rabbit 2, intoxica-
tion; and rabbit 3, intoxication and treatment. Rabbit 1 
breathed atmospheric air in the inhalation chamber for 
15 minutes. Rabbits 2 and 3 were exposed to static inha-
lation intoxication with the thermal degradation products 
of fluoropolymer4 for 15 minutes at a concentration of 
1.5 HLC50. After exposure, rabbit 2 breathed atmospheric 
air, and rabbit 3 received respiratory support 1 hour after 
exposure.

To induce anesthesia, rabbit 3 received intravenous 
solutions of tiletamine + zolazepam (Zoletil 100, Virbac, 
France, 15 mg/kg) and pipecuronium bromide (1 mg). 

After achieving sedation and muscle relaxation, tra-
cheal intubation was performed (endotracheal cuffed 
tube 3.0). Mechanical ventilation was conducted using 
Mindray SynoVent E3 (China) in the forced ventilation 
mode with pressure control. Ventilation was started 
with the following parameters: fraction of inspired oxy-
gen, 30%; PEEP, 5 cm H2O; support pressure, 13–15 cm 
H2O; and respiratory rate, 35–40/min. In this setting, 
the tidal volume was 20–25 mL, and minute ventilation 
was 0.7–1.0 L/min, which are physiological values for 
rabbits. Anesthesia was maintained with intravenous 
tiletamine + zolazepam (Zoletil 100, Virbaс, France, 
5 mg × h/kg, via an infusion pump) and pipecuronium 
bromide (0.5 mg, when spontaneous breathing occurred). 
Eight hours after exposure, with spontaneous breathing 
recovery, rabbit 3 was extubated and then breathed at-
mospheric air.

The oxygenation index (OI) (ratio of arterial oxygen 
partial pressure to fraction of inspired oxygen) was cal-
culated for all rabbits before exposure (background) and 
1 and 6 hours following exposure [7]. Arterial oxygen 
partial pressure was determined using an EasyStat sta-
tionary blood gas analyzer (USA). At 1 hour and 6 hours 
after exposure, rabbits 2 and 3 underwent anteroposteri-
or and lateral chest radiographs using a Sedecal Neovet F 
veterinary radiographer (Spain). In rabbit 3, chest radi-
ography and OI determination were repeated 7 days after 
exposure.

In rabbits 2 and 3, blood hemoglobin saturation and 
partial pressure of carbon dioxide in expired air were 
monitored before exposure, 1 hour after exposure, and 
during respiratory support using a Mindray uMEC12vet 
veterinary monitor (China). Additionally, auscultation was 
performed.

After rabbit 2 died, its thoracic cavity was opened. 
Macroscopic lesions were detected in the lungs, a lung 
ventilation coefficient was determined, and specimens 
were prepared for histology. Rabbits 1 and 3 were sac-
rificed on day 7 after exposure, and the lung ventilation 
coefficient was determined, and lung specimens were 
prepared for histology. Slides were examined using a 
Leica DM1000 light optical microscope (Germany), and 
qualitative lung tissue changes were assessed and pho-
tographed.

Table 1 shows the general scheme of the experiment.

FINDINGS AND DISCUSSION
During the first hour after removal from the inhala-

tion chamber, the condition of the rabbits 2 and 3, which 
were exposed to the thermal degradation products of flu-
oropolymer4, did not differ from that of rabbit 1. One hour 
after exposure, OI decreased, whereas SaO2 and PetСO2 
were similar to background values (Table 2). Auscultation 
of the rabbits did not reveal any wheezing.
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Table 1. General scheme of the experimental study
Таблица 1. Общая схема экспериментального исследования

Time after 
exposure

Experimental animal

rabbit 1 (control) rabbit 2 (intoxication) rabbit 3 (treatment)

background Determination of OI, SaO2, PetCO2

00.00 – Intoxication with thermal degradation products of fluoropolymer4 (1.5 HLC50)

1 h
– Determination of OI

Chest radiography

1,1 h – – Start of mechanical ventilation

6 h –
Determination of OI

Chest radiography

8 h – –
End of mechanical ventilation, 

transition to independent 
breathing

13 h – Death –

day 7 Sacrifice –

Determination of OI

Chest radiography

Sacrifice

Note. SaO2, the percentage of oxygen-containing hemoglobin in the blood (oxygen saturation); PetCO2, partial pressure of end-tidal 
carbon dioxide.

Plain chest radiography of rabbit 1 showed preserved 
lung fairness, normally visualized cardiovascular struc-
tures, smooth and clear diaphragmatic dome, and pre-
served cardiosternal contact. An hour after exposure, 
areas of interstitial shadowing and prominent broncho-
pulmonary pattern were noted on plain chest radiographs 
of rabbits 2 and 3 (Figs. 1 and 2).

Three hours after exposure, rabbit 2 showed de-
creased SaO2 (84%) and increased PetCO2 (37 mmHg). 
Six hours after exposure, more changes were found in 
the evaluated parameters and OI decreased. In rabbit 
3, SaO2 decreased to 91% 3 hours after exposure. PEEP 
was increased by 2 cm H2O, leading to increased SaO2 to 
98%. Five hours after exposure, SaO2 decreased again 
(95%), and a further increase in PEEP of 2 cm H2O re-
sulted in increased SaO2 to background levels (99%). Six 
hours after exposure, the OI was higher compared to that 
of rabbit 2.

Radiography was performed 6 hours following expo-
sure. Plain chest radiography of rabbit 2 showed diffuse 
alveolar opacities, most prominent in the middle and 
caudal lobes, and notable bronchopulmonary pattern. 
Plain chest radiography of rabbit 3 showed a moderately 
prominent bronchopulmonary pattern and normal lung 
airiness (Figs. 1 and 2).

Tracheal extubation was performed in rabbit 3, 
8 hours after exposure, when spontaneous breathing 
was restored. When breathing atmospheric air, SaO2 and 
PetCO2 did not differ from background values. Auscul-
tation revealed isolated fine rales. Eight hours after 
exposure, rabbit 2 showed decreased SaO2 to 70% and 

increased PetCO2 to 49 mmHg (Table 2). Auscultation re-
vealed coarse rales over all lung fields.

In rabbit 2, 13 hours after exposure, sharply increased 
motor activity, gurgling breathing, foamy discharge from 
the mouth and nose, and convulsions were observed, 
leading to death. Macroscopic examination revealed en-
larged lungs with smoothed interlobar folds, lung surface 
hemorrhages, and foamy discharge from the trachea and 
at the incision (Fig. 3). The lung ventilation coefficient 
was 11.8 relative units. Histological examination revealed 
thinning of the interalveolar septa walls, homogeneous 
contents, and erythrocytes and neutrophils in the alveolar 
cavity (Fig. 4).

On day 7 after exposure, the gas exchange param-
eters (i. e., SaO2, PetCO2, and OI) in rabbit 3 did not differ 
from background values. Plain chest radiography dem-
onstrated normal lung airiness with no areas of inter-
stitial shadowing (Figs. 1 and 2). Auscultation revealed 
no wheezing. After radiography, rabbits 3 and 1 were 
sacrificed and their lungs were removed.

The lungs of rabbit 1 (control) were pink, folds were 
visible between the lobes, and no foamy discharge was ob-
served at the incision (Fig. 3). The lung ventilation coeffi-
cient was 5.6 relative units. Slides showed normal histoar-
chitecture of lung tissue (Fig. 4). The lungs of rabbit 3 were 
slightly enlarged and pinkish, with isolated hemorrhagic 
lesions on the surface; no foamy discharge from the tra-
chea was seen at the incision (Fig. 3). The lung ventilation 
coefficient was 6.9 relative units. Microscopic examination 
showed moderate thickening of the interalveolar septa filled 
with erythrocytes, and the alveolar cavities were clear.
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Table 2. Monitoring chart of the condition of rabbits 2 and 3, exposed to intoxication by thermal destruction products of fluoroplastic-4 (1,5 HLC50)
Таблица 2. Карта наблюдения за состоянием кроликов 2 и 3, подвергшихся интоксикации продуктами термодеструкции 
фторопласта-4 (1,5 HLC50)

Time after 
exposure

Parameter
rabbit 2 (intoxication, 

FiO2 — 0.21)
rabbit 3 (treatment, during mechanical ventilation, 

FiO2 — 0.3)

SaO2, % PetCO2, mmHg Oxygenation 
index SaO2, % PetCO2, mmHg Oxygenation 

index

background 98 34 390 98 36 380

1 h 98 36 347 99 35 –

Start of mechanical ventilation

100 37 366

2 h 92 35 – 98 38 –

3 h 84 37 – 91 37 –

4 h 82 41 – 98 36 –

5 h 76 43 – 95 34 –

6 h 74 43 250 99 35 340

7 h 74 45 – 99 36 –

8 h 72 45 – 99 36 –

End of mechanical ventilation

96 32 –

9 h 70 49 – 97 33 –

13 h Death 95 34 –

day 7 – 98 35 390

Sacrifice

Note. SaO2, the percentage of oxygen-containing hemoglobin in the blood (oxygen saturation); PetCO2, partial pressure of end-tidal 
carbon dioxide; FiO2, fraction of inspired oxygen.

Fig. 1. Radiographs of the chest organs of rabbits in a direct projection at various times after exposure to the thermal destruction products 
of fluoroplastic-4 (1,5 HLC50); a — rabbit 1 (control), b — rabbit 2 (intoxication, 1 hour), c — rabbit 3 (treatment, 1 hour), d — rab-
bit 2 (intoxication, 6 hours), e — rabbit 3 (treatment, 6 hours), f — rabbit 3 (treatment, 7 days)
Рис. 1. Рентгенограммы органов грудной клетки кроликов в прямой проекции в различные сроки после воздействия продуктов 
термодеструкции фторопласта-4 (1,5 HLC50); a — кролик 1 (контроль), b — кролик 2 (интоксикация, 1 ч), c — кролик 3 (лече-
ние, 1 ч), d — кролик 2 (интоксикация, 6 ч), e — кролик 3 (лечение, 6 ч), f — кролик 3 (лечение, 7-е сут)

a

d

b

e

c

f
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a

d

b

e

c

f

Fig. 2. X-rays of the chest organs of rabbits in lateral projection at various times after exposure to the thermal destruction products of 
fluoroplastic-4 (1,5 HLC50); a — rabbit 1 (control), b — rabbit 2 (intoxication, 1 hour), c — rabbit 3 (treatment, 1 hour), d — rabbit 2 (in-
toxication, 6 hours), e — rabbit 3 (treatment, 6 hours), f — rabbit 3 (treatment, 7 days)
Рис. 2. Рентгенограммы органов грудной клетки кроликов в боковой проекции в различные сроки после воздействия продуктов 
термодеструкции фторопласта-4 (1,5 HLC50); a — кролик 1 (контроль), b — кролик 2 (интоксикация, 1 ч), c — кролик 3 (лече-
ние, 1 ч), d — кролик 2 (интоксикация, 6 ч), e — кролик 3 (лечение, 6 ч), f — кролик 3 (лечение, 7-е сут)

Fig. 3. Macropreparations of rabbit lungs obtained after exposure to the thermal destruction products of fluoroplastic-4 (1.5 HLC50). 
Rabbit 1 (a) and 3 (c) — lungs were obtained 7 days after exposure, rabbit 2 (b) — after death (13 hours after exposure)
Рис. 3. Макропрепараты легких кроликов, полученные после воздействия продуктов термодеструкции фторопласта-4 (1,5 HLC50). 
Кролик 1 (a) и 3 (c) — легкие получены на 7 сут после воздействия, кролик 2 (b) — после летального исхода (через 13 ч после 
воздействия)

0 02 24 545 76cm cm1 13 3

a b

0 2 54 76 cm1 3

c

DISCUSSION
Respiratory support is a crucial method for the treat-

ment of nontoxic pulmonary edema [7, 8]. However, 
data on its efficacy in treating toxic pulmonary edema 
are theoretical [2, 4]. In our experimental study, rabbits 

were exposed to the thermal degradation products of 
fluoropolymer4. According to the literature, toxicity of 
the thermal degradation products of fluoropolymers is 
caused by the presence of perfluoroisobutylene in their 
composition, which induces an acylating effect [12]. 
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a b

c
Fig. 4. Histological preparations of rabbit lungs obtained after exposure to the thermal destruction products of fluoroplastic-4 (1,5 HLC50). 
Rabbits 1 (a) and 3 (c) — lungs were obtained 7 days after exposure, rabbit 2 (c) — after death (13 hours after exposure). Hematoxy-
lin-eosin staining, magnification ×40
Рис. 4.  Гистологические препараты легких кроликов, полученные после воздействия продуктов термодеструкции фторопласта-4 
(1,5 HLC50). Кролик 1 (a) и 3 (c) — легкие взяты на 7 сут после воздействия, кролик 2 (b) — после летального исхода (через 13 ч 
после воздействия). Окраска гематоксилином и эозином, ув. об. ×40

An experimental study has demonstrated that intoxica-
tion of experimental animals with the thermal degrada-
tion products of fluoropolymer4 results in the formation 
of toxic pulmonary edema [13].

No signs of intoxication were observed in the rabbits 
during the first hour after exposure. However, plain chest 
radiography showed typical signs in the interstitial phase 
of toxic pulmonary edema [14], and the OI was decreased. 
Moreover, 3–8 hours after intoxication, the condition of 
rabbit 2 deteriorated, as evidenced by a gradual decrease 
in arterial blood oxygenation and increased carbon dio-
xide concentration in the expired air. Such changes are 
associated with a disruption of gas exchange due to in-
creased thickness of the aerohematous barrier caused by 
fluid release from the interstitial space into the alveolar 

space [14]. Notably, no external manifestations of intoxi-
cation or auscultatory changes were observed during this 
period. Postmortem examination of the macroscopic and 
histologic lung specimens of rabbit 2 indicated alveolar 
toxic pulmonary edema [14]. Therefore, the death of rab-
bit 2 was caused by acute respiratory failure due to de-
velopment of toxic pulmonary edema.

During mechanical ventilation with PEEP, decreased 
SaO2 and increased PetCO2 were observed 3 and 5 hours 
after exposure in rabbit 3. Increasing PEEP by 2 cm H2O 
led to normalization of gas exchange in both cases. 
The OI (6 hours after exposure) did not differ much from 
background values. Mechanical ventilation with a two-
fold increase in PEEP (while maintaining the prescribed 
tidal volume) prevented toxic manifestations in the lung 
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tissue. Six hours after exposure, lung radiographs of rab-
bit 3 showed interstitial edema, whereas the lung radio-
graphs of rabbit 2 revealed alveolar edema.

After rabbit 3 was transferred to independent breath-
ing, gas exchange parameters (i.e., SaO2 and PetCO2) cor-
responded to background values. During the 7-day fol-
lowup, the condition of rabbit 3 did not differ from that 
of rabbit 1. Histological examination did not reveal any 
significant abnormalities in the lung tissue of rabbit 3. 
Therefore, early initiation of mechanical ventilation with 
PEEP (1 hour after exposure) with a stepwise increase 
in PEEP as the condition worsens is effective in treating 
toxic pulmonary edema induced by thermal degradation 
products of fluoropolymer4.

The protective effect of mechanical ventilation with 
PEEP during the development of toxic pulmonary edema 
is related to the fact that the positive pressure in the air-
ways leads to increased alveolar pressure, which in turn 
prevents excessive fluid flow from the vessels into the 
interstitium. Collapsed alveoli expansion due to increased 

airway pressure contributes to increased alveolar venti-
lation and improved gas exchange [7–9]. These mecha-
nisms may contribute to normalization of the condition of 
rabbit 3, which received postexposure respiratory sup-
port in the presented regimen.

CONCLUSION
Our experimental study showed that changes in chest 

radiography and a decrease in the OI 1 one hour after 
exposure and changes in SaO2 and PetCO2 3 hours after 
exposure should be considered as manifestations of to-
xic pulmonary edema. Mechanical ventilation with PEEP, 
starting 1 hour after exposure (with gradual increases in 
PEEP as the condition worsens), is effective in the treat-
ment of rabbits with toxic pulmonary edema induced by 
severe intoxication with thermal degradation products of 
fluoropolymer4. Therefore, mechanical ventilation with 
PEEP may be a promising approach to the treatment of 
toxic pulmonary edema of various origins.
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