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Review Article

IntroductIon

Acute respiratory distress syndrome (ARDS) was first 
described by Ashbaugh et al. in 1967.[1] In 2012, the Berlin 
definition was developed to diagnose patients with ARDS 
and classify them into three independent categories, which is 
essential for research and clinical practice.[2] Despite almost 
50 years of basic and clinical research, the fundamental 
mechanisms that initiate and propagate this lung injury have 
not been defined completely. Although many hypotheses 
had been developed, they are often difficult to be tested in 
humans due to too many clinical variables. Thus, halogen 
inhalation‑induced lung injury animal model is used to mimic 
acute lung injury and ARDS in human posthalogens exposure.

Halogens are widely used in commercial applications around 
the world; however, they are extremely toxic and present a 

significant threat to human health when released accidently 
or intentionally as chemical weapons during acts of 
terrorism. In 2005, approximately 54,900 kg of chlorine (Cl2) 
was accidentally released in a local mill in Graniteville, 
South Carolina, USA. Eight victims died of asphyxiation 
or acute respiratory failure on site immediately and 71 
people were severely injured and presented with pulmonary 
complaints (predominant restrictive lung function pattern);[3] 
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some of them also presented with dermal, ocular, 
otorhinolaryngeal, cardiac, or gastrointestinal injuries. 
Altogether 529 people were treated and released from 
emergency departments.[4] Eight to ten months after the 
event, cough and shortness of breath were still persistent 
in those patients.[5] Preliminary investigation demonstrates 
that Cl2‑exposed mill workers experienced accelerated FEV1 
decline in the 18 months after the incident.[6] Bromine (Br2), 
like Cl2, may also be accidentally released during 
transportation or industrial accidents. For instance, in 2011, 
a major accident occurred during Br2 transportation by train, 
and the accidentally released Br2 resulted in 42 people being 
hospitalized and more than 200 individuals sought medical 
care in Chelyabinsk, Russia.

Currently, the systemic pathophysiological changes resulting 
from halogens exposure and the mechanisms by which 
they damage the lung and the other organs were not fully 
understood; furthermore, there is no specific antidote for 
exposed individuals. Treatments following halogen exposure 
are mainly supportive, focusing on symptom alleviating, such 
as bronchospasm, pulmonary edema, and airway obstruction, 
using humidified oxygen, β2 agonists, and antibiotics for 
potential infections.[7] In severe cases with ARDS, respiratory 
support with intubation and positive‑pressure ventilation 
may be necessary.[8] Thus, animal model of halogen 
inhalation provides us an opportunity to elucidate its basic 
mechanisms and to test novel therapeutic agents to reduce 
morbidity and mortality.

Cl2 InhalatIon‑InducEd lung Injury

Physicochemical properties
Cl2 is a water‑soluble, yellow‑green gas. It is an extremely 
reactive element and a strong oxidizing agent. It is an 
essential chemical widely used in industrial facilities, such 
as plastic manufacturing, water treatment, waste sanitation, 
paper industry, and pharmaceutical development. Human 
exposure could occur through releasing from industrial 
accidents, spilling during transportation, encountering in 
swimming pools, or mixing of domestic cleaning products. 
Although most exposures are accidental, Cl2 has been used 
as a chemical warfare agent since World War I.

Characteristics of injury
Cl2 irritates eyes, skins, and respiratory systems, and is highly 
toxic by inhalation, resulting in pulmonary damage from the 
upper airways to the alveolar compartment, causing dyspnea, 
hypoxemia, airway obstruction, pneumonitis, pulmonary 
edema, and acute lung injury in human.[9] The severity of 
injury depends primarily on duration and dose of exposure.

Animal models in multiple species including mice, 
rats, rabbits, pigs, sheep, and dogs[10‑12] have been 
developed to elucidate mechanisms of Cl2 toxicity and 
to test novel therapeutic agents. Acute effects of Cl2 
inhalation documented in animals include dyspnea or 
altered breathing patterns,[13] hypoxemia,[14] inflammation 
and mitochondrial damage,[10,11,13,15] fluid leak and 

pulmonary edema,[14] pulmonary hypertension, airway 
hyperresponsiveness (AHR),[10,16,17] lipid peroxidation,[13,18] 
impaired surfactants function,[14,19] changes in gene 
expression associated with increased susceptibility to 
acute lung injury,[20] induction of unfolded protein 
response signaling,[21] and pulmonary cell apoptosis or 
necrosis.[10,11,14,22] Subacute effects of Cl2 inhalation include 
abnormal epithelial repair,[16] mucus overproduction,[16] 
airway fibrosis,[22‑24] and decreased lung function, such as 
persistent AHR or airway obstruction.[16,23,25,26] Systemic 
injuries, such as systemic vasculature dysfunction[27] and 
extensive cardiac injury,[28,29] have also been reported.

Mechanisms of toxicity
The toxicity of Cl2 is mainly due to oxidative stress following 
exposure. When inhaled, Cl2 first reacts with antioxidants in 
lung epithelial lining fluid.[30] Soluble Cl2 reacts with water to 
generate hypochlorous acid and hydrochloric acid following 
depletion of antioxidants. These products are highly reactive 
and will oxidize plasmalogens, which are enriched in 
lung and surfactant, to form chlorinated lipids (Cl‑lipids), 
2‑chloropalmitaldehyde and 2‑chlorostearalddehyde. These 
2‑chloro‑lipids are targets for neutrophilic attack,[31] or could 
be further oxidized to the corresponding 2‑chloropalmitic 
acid and  2-chlorostraric acid or be reduced to the 
respective 2‑chlorofatty alcohols, which are considered 
proinflammatory [Figure 1]. Furthermore, studies showed 
that Cl‑lipids could initiate acute or long‑lasting injury due 
to their reaction with protein side chains, DNA, and lipids 
of the cells that lining the airway epithelium.[30] For instance, 
chloramines, a by‑product of Cl2, could activate inflammatory 
cascades through stimulation of mitogen‑activated protein 

Figure 1: Plasmalogen‑derived Cl2 oxidation products. The vinyl ether 
bond of plasmalogens is targeted by Cl2 resulting in 2‑chlorofatty 
aldehyde production including  2‑Cl‑Pald and 2‑Cl‑Sald. The 
2‑chlorofatty aldehydes are either oxidized to the 2‑chlorofatty acids, 
2‑Cl‑PA and 2‑Cl‑SA, or reduced to the 2‑chlorofatty alcohols, 
2‑chloropalmitoyl alcohol and 2‑chlorostearoyl alcohol. Alternatively, 
nucleophilic attack of 2‑chlorofatty aldehydes by GSH results in 
either palmitaldehyde or stearaldehyde GSH adduct formation. 
GSH: Glutathione. Source: Ford DA, Honavar J, Albert CJ, Duerr MA, 
Oh JY, Doran S, et al. Formation of chlorinated lipids post‑chlorine gas 
exposure. J Lipid Res 2016;57:1529‑40.
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kinase[32] and activation of nuclear factor‑kappaB via 
IκBα oxidation, causing inflammatory cells infiltration in 
alveolar space.[33] In addition, chloramines could inhibit 
Na+‑dependent alveolar fluid clearance and result in 
pulmonary edema.[34]

Possible therapeutic agents
Multiple therapeutic agents have shown promising effects 
in treating acute lung injury induced by Cl2 inhalation in 
animal models. As mentioned above, Cl2 toxicity is mainly 
caused by oxidative stress to tissues; thus, antioxidants 
including dimethylthiourea,[18] compound AEOL 10150 
(a metalloporphyrin catalytic antioxidant),[35] N‑acetyl 
cysteine,[36] aerosolized ascorbate, and deferoxamine[16] have 
been shown to alleviate Cl2‑induced injury in animal models 
of different species.

Cyclic AMP‑elevating agents have been shown to 
protect against Cl2‑induced lung injury too. Arformoterol 
mitigates the Cl2 toxicity on airway reactivity and alveolar 
fluid clearance by increasing lung cyclic AMP level.[17] 
Rolipram inhibits degradation of the intracellular signaling 
molecule cyclic AMP, which alleviates pulmonary edema, 
inflammation, and AHR.[37]

Anti-inflammatory agents such as high-dose dexamethasone 
could reduce the acute inflammation and AHR;[26] 
mometasone and budesonide have a dose‑dependent 
inhibition of neutrophil influx into lung tissues and of the 
number of neutrophils in lung lavage fluid;[38] formulations 
of rolipram, triptolide (a natural plant product with 
anti‑inflammatory properties), and budesonide were 
developed for treatment of Cl2‑induced acute lung injury 
by intramuscular injection;[39] aerosolized terbutaline and 
budesonide improved lung function post‑Cl2 exposure in 
pigs;[40] low‑molecular‑weight hyaluronan (HA), formed by 
the degradation of high‑molecular‑weight HA (HMW‑HA) by 
reactive intermediates, was detected in lung lavage fluid and 
in the peribronchial tissue of Cl2‑exposed mice [Figure 2]; it 
activates RhoA and Ca2+ channels of airway smooth muscle 
cells, increasing their contractility and thus increases AHR. 
Intranasal administration of HMW‑HA reversed the airway 
and distal lung injury in Cl2‑exposed mice.[41] Neutrophil 
depletion abolished Cl2‑induced AHR in large conducting 
airways and prevented increases in antioxidant gene 
expression and nuclear factor (erythroid‑derived 2)‑like 
2 (NRF2) nuclear translocation;[42] heparin, which has 
both anti‑inflammatory and anti‑coagulant properties, 
reduced the disturbance in pulmonary coagulopathy and 
inflammation, thereby ameliorating acute lung injury post 
Cl2‑exposure.[43] Recently, it is found that transient receptor 
potential (TRP) ion channels are also critical in the initiation 
and progression of acute lung injury due to Cl2 and other 
toxic inhalational agents. Postexposure treatment with 
inhibitors of TRP vanilloid, an ion channel expressed in 
pulmonary endothelial cells, had anti-inflammatory effects 
in Cl2‑exposed mice and inhibited vascular leakage, AHR, 
and increase in elastance, therefore improving blood oxygen 
saturation.[44]

Nitric oxide‑generating agents, such as sodium nitrite, 
resulted in lower protein levels in lung lavage fluid, 
significant reduction in the intensity of the apoptosis cells, 
restoration of normal lung wet‑to‑dry weight ratios, and 
improved postexposure survival;[13,45] 1400W, a potent, 
selective inducible nitric oxide synthase inhibitor abrogated 
the Cl2‑induced AHR.[10]

Br2‑InducEd lung Injury

Physicochemical properties
Br2, another toxic industrial chemical, is a brown liquid, 
which can readily evaporate to form a highly noxious gas 
that irritates the eyes, skin, respiratory system, as well as 
central nervous system.[46] Compared with Cl2, Br2 is a 
weaker oxidizing agent and less reactive.

Characteristics of injury
Br2 and hypobromous acid (HOBr), its hydrolysis product, 
are strong oxidants which will react with antioxidants present 
in the lung epithelial lining fluid initially after inhalation. If 
antioxidant stores are depleted, Br2 and HOBr will continue 
to react with plasma membranes of lung epithelial cells to 
form reactive intermediates, such as brominated lipids, which 
will cause injury to distal sites. Inflammatory response due 
to Br2 exposure worsens the initial pulmonary and systemic 
injury, which will in turn amplify lung damage due to the 
released inflammatory mediators.

Exposure to Br2 may lead to local and systemic damage. 
Contact with the skin results in lesions with brownish 
discoloration, tissue necrosis, and skin vesicles.[47] 
Depending on dose and duration, the inhalation of Br2 could 
lead to a variety of pulmonary symptoms, such as cough, 
dyspnea, hypoxia, or even death due to respiratory failure in 
adults.[46] Patients are at risk of developing reactive airway 
dysfunction and pulmonary fibrosis.[46,48] If exposed during 
pregnancy, risks of fetal growth restriction, fetal death, 
preterm delivery,[49] and cardiovascular birth defects are 
increased in mice model.[50] Br2‑exposed neonatal mice also 
had decreased weight and impaired alveolar development.[51] 
Animal studies indicate that Br2 inhalation in early life, 
in pregnancy, or in adult period resulted in persistent 
inflammation and lung dysfunction.

Role of heme in Br2‑induced lung injury
Recent animal study has shown that significant lung injury 
occurred within 24 h post‑Br2 exposure (600 ppm for 30 min), 
which is characterized by increased protein exudates, 
inflammatory cell infiltration in alveolar space, and 
disruption of the airway parenchyma. Br2 gas inhalation 
also increases AHR following methacholine challenge and 
pulmonary edema. Moreover, 80% of the exposed C57BL/6 
mice dead within 10 days postexposure.[52]

Heme oxygenase (HO)‑1, the inducible isoform of HO, plays a 
vital role in defense against oxidant‑induced lung injury during 
ARDS. HO-1 catalyzes the first and rate-limiting step in heme 
degradation into equimolar amounts of iron, carbon monoxide, 
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and biliverdin. Heme is necessary for biologic processes and 
serves as a functional group in proteins. However, excessive 
heme catalyzes the formation of free radicals, resulting in 
oxidative stress and cellular injury. Significant increasing 
levels of free heme were detected in bronchoalveolar lavage 
fluid, lung tissues, and plasma of Br2‑exposed mice, most 
likely originating from ruptured red blood cells. Postexposure 
administration of hemopexin, a heme‑scavenging protein, 
decreased lung injury and improved survival.[52] Studies also 
demonstrated that humanized transgenic mice overexpressing 
HO-1 were significantly protected from exposure to Br2.

[52] 
These are the first studies delineating the pathogenesis of 
Br2 toxicity in respiratory diseases and demonstrated the 
critical role of heme in ARDS caused by Br2 [Figure 3]. 
Thus, therapeutic approaches that reduce heme levels such as 
hemopexin or pharmacological induction of HO‑1 may prove 
to be useful in treating ARDS secondary to Br2 inhalation.

conclusIons

With the worldwide usage of halogens, exposure becomes a 
significant health threat to public; however, there has been 

less effective treatment. Animal studies have demonstrated 
that oxidative stress as well as inflammation plays a critical 
role in halogen induced‑lung injury and ARDS for which 
many countermeasures are developed to mitigate those 
injuries. The current challenges of developing effective 
therapies for halogen inhalation induced‑lung injury include 
translating promising findings in preclinical models into 
treatment of clinical patients and developing interventions 
for chronic symptoms. However, these pharmacologic 
agents may need long time to be approved for clinical use. 
Thus, more small‑ and large‑animal models mimicking 
human exposure are required to fully elucidate the complex 
pathology of halogen toxicity and to develop effective 
novel treatments which could be administrated feasibly 
after exposure.
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Figure 2: Role of hyaluronan in Cl2‑induced lung injury. (a) Detection of HA and IαI, a binding partner of HA, in the BALF of Cl2‑exposed mice. Mice 
were exposed to Cl2 (400 ppm for 30 min) and returned to air. HA was measured in the BALF by ELISA at the indicated times. *,†P < 0.01 compared 
with air and the value to its left at the same time point, respectively. (b) Agar gel electrophoresis of HA. Lane 1, HA Mega‑HA Ladder (Hyalose); 
lane 2, Select‑HA Hi‑Ladder; lane 3, HA; lane 4, HA exposed to Cl2 (400 ppm for 30 min) and stored at −4°C for 24 h; lane 5, sonicated HA; lane 6, 
Select‑HA LoLadder, (c) agar gel electrophoresis of concentrated BALF from air and Cl2 exposed mice. Lane 1, Select‑HA HiLadder; lane 2, Select‑HA 
LoLadder; lane 3, 95% air‑5% CO2 (Air); lanes 4 and 5, immediately post‑Cl2; lane 6, 6 h post‑Cl2, lane 7, 24 h post‑Cl2; lane 8, as in lane 7 but the 
BALF was treated with hyaluronidase, which degrades HA. In all cases, proteins were visualized with Stains‑All (Sigma). (d‑f) representative image 
of mouse airways in naive state (d) or 6 h (e) and 24 h (f) after Cl2 exposure. Increased HA staining (green, arrows) at 24 h in the peribronchial 
area surrounding airway smooth muscle cells (×200). HA: Hyaluronan; IαI: Inter‑α‑trypsin‑inhibitor; BALF: Bronchoalveolar lavage fluid. 
Source: Lazrak A, Creighton J, Yu Z, Komarova S, Doran SF, Aggarwal S, et al. Hyaluronan mediates airway hyperresponsiveness in oxidative 
lung injury. Am J Physiol Lung Cell Mol Physiol 2015;308:L891‑903.
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吸入卤素气体诱发急性肺损伤和急性呼吸窘迫综合征的
机制研究和治疗进展

摘要

目的：卤素气体（如氯或溴），可导致环境污染和职业伤害（肺和其他器官损伤）。吸入氯气具有强烈毒性，可致呼吸困难、
低氧血症、气道梗阻、肺部炎症、肺水肿和急性呼吸窘迫综合征（ARDS）。尽管溴气的反应性和氧化性弱于氯气，但吸入溴
气同样导致支气管痉挛、气道高反应性、ARDS甚至死亡。卤素气体还可损伤全身循环系统并造成心脏损伤。目前其诱发损伤
的机制尚不明了，临床上尚未有特异性解毒剂。
数据来源：本文综述2018年1月前收录于Pubmed数据库的相关文章，关键词如下：氯气；溴气；肺损伤；急性呼吸窘迫综合征。
研究选择：主要参考文献为相关的论著和综述。
结果：动物实验表明：氯气吸入后形成氯衍生氧化产物，导致毒性反应。因此，潜在的治疗靶点为氯气引起氧化应激和炎症
反应。抗氧化剂、c-AMP调节剂、抗炎药物、一氧化氮调节剂和高分子透明质酸对急性氯损伤有治疗作用。而体内游离血红
素水平升高则和吸入溴气诱发的肺损伤相关。吸入溴气后给予可清除体内血红素的血红素结合蛋白，可明显降低肺损伤和提
高生存率。
结论：目前尚需要大量基础和临床研究寻找可用于治疗吸入卤素气体后诱发的肺和气体脏器损伤的特异性药物。


