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Abstract
Despite extensive research conducted to explore the mechanism of acute respiratory distress syndrome
(ARDS), no pharmacologic treatment that targets the pathophysiologic alterations has proven effective.
Previous studies have revealed overactive oxidative stress as a potential therapeutic target. However,
there are still some discrepancies, and thus we conducted this systematic review to assess the e�cacy
and safety of antioxidant therapy on the clinical outcomes of ARDS patients.

Methods: We retrieved potentially relevant clinical trials from the electronic databases. Articles and
conference abstracts about antioxidant therapies for patients with ARDS were identi�ed in which the
overall effect of each antioxidant therapy on the mortality of ARDS patients was summarized.

Results: We identi�ed 18 relevant studies, including 899 patients in the experimental group and 870
patients in the control group, and these were included in the meta-analysis. The antioxidant strategies
including albumin, N-acetylcysteine (NAC), selenium, vitamin C, Oxothiazolidine-4-carboxylic acid, and
lisofylline. The pooled results indicated that most of the antioxidant therapies could not improve the all-
cause mortality and might have been even harmful in ARDS patients at low risk of death.

Conclusions: Unclassi�ed patients could not bene�t from the antioxidant therapies, and thus discretion
must be exercised when using these therapies. However, some treatments had a positive effect on ARDS
patients at a high risk of death and early antioxidant treatment might be associated with reduced
mortality when compared with delayed treatment.

Background
Since it was �rst described about 50 years ago[1], several efforts have been made to ascertain the
pathogenesis of acute respiratory distress syndrome (ARDS), and to �nd an effective treatment. ARDS is
a life-threatening condition and has a high mortality ranging from 27–45%[2]. It affects approximately
200 000 patients every year in the United States and nearly 75 000 of them do not survive from it[2, 3].
Approximately, 10% of intensive care unit patients have concurrent ARDS, which implies that annually
more than 3 million patients globally might have ARDS[1, 4–6]. According to the Berlin de�nition[2, 6], the
severity of ARDS is correlated with mortality (27% for mild stage; 32% for moderate stage and 45% for
severe stage). Furthermore, the duration of mechanical ventilation also increases with the deterioration of
hypoxemia (assessed by the ratio of partial pressure of arterial oxygen normalized to the fraction of
inspired oxygen)[2, 7].

ARDS is characterized by refractory hypoxemia, bilateral opacities on chest radiography, decreased lung
compliance, and increased venous admixture that is caused by increased alveolar capillary permeability,
diffuse alveolar damage, and loss of aerated lung tissue[8–10]. The morphological features are alveolar
�ooding and pulmonary edema, in�ltration of in�ammatory cell, hyaline membrane formation, and
sometimes alveolar hemorrhage[10].
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Despite substantial research conducted to explore the mechanism of this disease, there is no effective
pharmacologic treatment that targets the pathophysiologic alterations in ARDS. To date, only some life
support management methods have been shown to bene�t. Mechanical ventilation is a vital treatment
method, especially a ventilation strategy that could minimize ventilator-induced lung injury such as low
tidal volume and inspiratory pressure ventilation, prone positioning, high-frequency oscillatory ventilation,
positive end-expiratory pressure, lung recruitment maneuvers, and extracorporeal membrane
oxygenation[6, 7, 11]. With regard to pharmacologic therapies, several potentially effective drugs aimed at
the underlying pathology have been tested, such as β2 agonists, statins, granulocyte-macrophage colony
stimulating factor, keratinocyte growth factor, low-dose methylprednisolone, neutrophil elastase
inhibitors, and surfactants[12, 13]. However, their therapeutic effect has not been con�rmed by large
randomized controlled trials or well-done meta-analysis[2, 10, 12].

During the development of ARDS, a variety of leukocytes such as neutrophils and macrophages, are
recruited to the injured site in the lung. Subsequently, these in�ammatory cells as well as lung endothelial
cells, alveolar cells, and epithelial cells generate free radicals that lead to oxidative stress[14]. Oxidative
stress which is mainly caused by reactive oxygen species (ROS) and reactive nitrogen species (RNS)
plays an important role in lung injury and progression of ARDS. Excessive ROS and RNS can lead to
dysfunction of the endothelial and epithelial barriers, increase its permeability, and �nally result in
additional leukocytes crossing the barrier, release of cytotoxic agents, and pulmonary edema[15, 16].
Owing to the critical role of oxidant-antioxidant balance, overactive oxidative stress can be a therapeutic
target in the management of ARDS patients.

Methods
The procedure of literature search, study selection, and data extraction were conducted according to
standard strategies as described below. They were conducted independently by two authors, and all
discrepancies were discussed and resolved by consensus.

Search strategy

Two authors independently searched for the relevant literature in databases including MEDLINE
(PubMed), EMBASE, and the Cochrane Central Register of Controlled Trials focusing on randomized
clinical trials, meta-analyses, and systematic reviews. Manual search was also performed to retrieve
potentially relevant controlled trials. All articles and conference abstracts on antioxidant therapy for
patients with acute respiratory distress syndrome were identi�ed for further analysis. The search terms
we used were critically ill patients, acute lung injury, ALI, acute respiratory distress syndrome, ARDS,
mechanical ventilation, sepsis, and antioxidants.

Study selection

The studies were selected if they ful�lled all of the following inclusion criteria. (1) Participants: patients
were diagnosed with ARDS or acute lung injury. (2) Type of study: only clinical controlled trials were
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eligible. (3) Type of intervention: studies that used antioxidant therapy, including oral, aerosol, and
intravenous antioxidants. Studies were excluded if they did not provide the outcomes related to mortality,
28-day ventilator-free days or 28-day intensive care unit (ICU)-free days. Crossover studies were also
excluded.

End points and data extraction

The primary end point of this meta-analysis was all-cause mortality and 28-day mortality was the
preferred end point. If data on 28-day mortality could not be obtained, ICU or hospital mortality was used
instead. General information about the included studies was also extracted and collected.

Quality assessment

Similar to the study selection and data extraction, quality assessment of the included trials was also
performed independently by two authors. We evaluated the risk of bias according to the
recommendations from the Cochrane Reviewers’ Handbook[17], which included the selection bias,
performance bias, attrition bias, detection bias, reporting bias, and other bias.

Data processing and statistical analysis

Firstly, the heterogeneity of the included trials was examined by the I2 statistic and the Chi2 test, and the
cutoff of signi�cant heterogeneity was p ≤ 0.10 for the Chi2 test or I2 ≥ 50%. If signi�cant heterogeneity
was observed, random-effects model was selected for further analysis, otherwise a �xed-effects model
was used. Secondly, the treatment effect of antioxidant therapy on the all-cause mortality were pooled to
estimate the summary effect. As the mortality outcome was dichotomous, we calculated the relative risk
(RR) and 95% con�dence interval (CI) of each trial included in this study and pooled them to estimate the
overall Mantel–Haenszel (M–H) RR and 95% CI. Thirdly, to test the robustness of the conclusions,
sensitivity analyses were performed by excluding every single study of the subgroup, and then re-
analyzed and compared with the original results. Fourthly, a funnel plot was calculated to evaluate the
publication bias.

Hypothesis testing was considered statistically signi�cant if two-sided p-value ≤ 0.05. Data synthesis
and subgroup analyses were done using Review Manager (version 5.1).

Results
Study selection and quality assessment

We identi�ed 18 potentially relevant studies[18–35] that satis�ed the inclusion criteria, after the
assessment for eligibility (see Fig. 1). There were totally 1769 patients in 18 studies with 899 patients in
the experimental group and 870 patients in the control group, and all of them were included in the meta-
analysis.
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The antioxidant strategy and the mechanism of action are shown in Table 1. The characteristics of the
included trials are summarized in Table 2. Strati�ed by the type of antioxidant strategy, in 2 studies[27,
28] albumin was used for treatment, 6 studies[20–23, 26, 31] used enteral feeding with antioxidants, 6
studies[24, 30, 32–35] used NAC for treatment, 1 study[19] employed selenium treatment, 1 study[18] was
conducted with Vitamin C, 2 studies[25, 32] used Oxothiazolidine-4-carboxylic acid for treatment, and
another study[29] used lisofylline for therapy. The mean age of the patients ranged from 42.4 to 72.5. The
mortality of the control group ranged from 12.5–76.92%.

We evaluated the quality of the included trials according to the Cochrane’s risk of bias assessment table,
and the results are shown in Table S1. As shown in Fig. 2 and Table S1, 2 studies[26, 30] were un-blinded,
3 studies[20, 22, 24] were singled-blinded, and 1 study[35] did not report on the blinding of participants
and personnel and was considered as high risk or unclear. Nine of the included studies[20–22, 24, 25, 30,
33–35] were unclear about random sequence generation, as well as allocation concealment.

Effect on mortality

The random-effects model and �xed-effect model were both used to analyze the overall effect of each
antioxidant therapy on mortality, and the results were coincident. As shown in Fig. 3, the results did not
show any obvious reduction in the risk of mortality in ARDS patients treated with antioxidant therapies
except vitamin C, a pool with only one study with 166 patients. The mortality of the included studies were
between 0–53.13% in the treatment group, compared with 12.5–76.92% in the control group.

The mortality of the included studies varied between 5.9% and 55.6%. In view of the heterogeneity of
mortality across the trials, we conducted a subgroup analysis by stratifying the meta-analyses according
to the mortality of the patients in the control group. As shown in Fig. 4, the results revealed that there was
a trend of gradual increased bene�t with increased mortality. Furthermore, in ARDS patients with low risk
of death, antioxidant therapies might be harmful (M–H RR, 1.52 (95% CI, 1.12–2.05); p = 0.73; six trials, n 
= 718), and should be avoided.

We also recorded the start time of the antioxidant therapy and conducted a subgroup analysis by
stratifying the meta-analyses according to the start time. The results (as shown in Fig. 5) revealed that for
a start time later than 24 hours, antioxidant therapy might be harmful (M–H RR, 1.37 (95% CI, 0.98–1.93);
p = 0.29; three trials, n = 495). However, for trials that start within 24 hours, there was a trend of bene�t
from the antioxidant therapies, although the result was not signi�cant (M–H RR, 0.73 (95% CI, 0.47–
1.13); p = 0.10; four trials, n = 386). Therefore, in future trials the start time of the treatment is a factor that
should not be ignored.

Sensitivity analyses

To test the robustness of the results, we conducted a sensitivity analyses by excluding individual study,
re-analyzing, and comparing it with the original results. The results were consistent with the previous one.

Publication Bias
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No evidence of publication bias was detected by the funnel plots (see Figure S1).

Discussion
In this meta-analysis, we conducted a comprehensive literature search without a language limitation. The
results from 18 trials indicates that most antioxidant therapies could not improve the all-cause mortality,
and moreover, might have been harmful for ARDS patients with low risk of death. Overall, unclassi�ed
patients could not bene�t from antioxidant therapies and they should be used for treatment with
discretion.

It has been proven that redox signaling system is closely related with the development of ARDS. In
response to the various in�ammatory stimuli, lung endothelial cells, alveolar cells, airway epithelial cells,
alveolar macrophages, as well as recruited leukocytes produce ROS and RNS[14]. An imbalance of
oxidant-antioxidant arises when the antioxidant defenses are depleted or when free radicals are
overproduced. High concentration of inspiratory oxygen during oxygen therapy might be one of the
sources of ROS. However, the recruited leukocytes and injured endothelium/epithelium were the most
important sources of excessive ROS[16, 36]. Excessive ROS plays an important role in the occurrence and
progression of ARDS. ROS and RNS can serve as secondary signaling molecules in the modulation of
cellular responses to injury stimulus during ARDS. Excessive ROS can activate Nuclear Factor (NF)-κB
and additionally, regulate the transcription of pro-in�ammatory cytokines that have cytotoxicity and
adhesion molecules which can lead to pulmonary edema and tissue damage of the normal lung by
injuring the epithelia and destroying the endothelial barrier[37]. Excessive ROS can also lead to
dysfunction of mitochondria which might stimulate apoptosis of lung endothelial and epithelial cells. It
can activate the pro-apoptotic Bcl-2 family proteins by increasing the mitochondrial permeability to drive
the mitochondrial membrane potential, release cytochrome c, and activate pro-apoptotic caspase-3 and
caspase-9[16, 38]. In summary, oxidative stress is one of the key pathological mechanisms of ARDS and
maintaining the balance of oxidant-antioxidant might be a therapeutic target in the treatment of ARDS.
There are several evidences that support this theory, for instance, excessive hydrogen peroxide and
myeloperoxidase can be detected in the broncho-alveolar lavage �uid in ARDS patients and increased
levels of lipid peroxidation products have been detected in the plasma[39].

According to the ARDS Berlin de�nition, ARDS is heterogeneous and caused by a variety of inducing
factors[2, 40]. Thus, it has different pathological mechanisms and clinical courses. Some sub-phenotypes
of ARDS have been identi�ed, such as hyper-in�ammatory (identi�ed by Calfee et al.) which is
characterized by high levels of pro-in�ammatory cytokines in the lung tissue and plasma with a high
prevalence of sepsis[41]. Therefore, antioxidant therapies might not be universally effective in all types of
lung injury and clarity on the precise pathophysiology in each ARDS patient is important to select the
right treatment. According to our results, differences in the condition of patients included in a study might
be one of the reasons why clinical trials exploring effective drugs for ARDS did not achieve the desired
results. As shown in Fig. 4, some treatments had some bene�t in ARDS patients, who had a high risk of
death.



Page 7/17

Declarations

Acknowledgments
Not applicable.

Funding
The conduct of this study was not funded.

To date, there have been no pharmacologic treatments targeting the pathophysiologic alterations in
ARDS, that have proven effective. The scenario is similar for the antioxidant therapies. However, these
studies normally identify and recruit patients well into the exudative phase of ARDS that is extremely
di�cult to modify, if not irreversible. Increasing number of institutes have begun to recommend that
future research should focus on patients at an early stage of ARDS, or at high risk of ARDS[42]. According
to our research, although the antioxidants were initiated after ARDS was established in these included
studies, early antioxidant treatment was also associated with reduced mortality compared with later
treatment. Thus, we speculate that it would be more bene�cial if the antioxidant therapies are given early
or even as a prophylactic to the patients. There are some randomized controlled trials that have
con�rmed this. According to a previously study[43], early administration of antioxidant supplementation
containing tocopherol and ascorbic acid reduces the incidence of organ failure and shortens the length of
stay in ICU, in critically ill surgical patients. There are also studies[43] that have demonstrated that
patients receiving antioxidant supplementation have a 19% (95% CI 10–40%) reduction in the incidence
of pulmonary morbidity.

Conclusions
The results from these 18 trials indicates that most antioxidant therapies could not improve the all-cause
mortality and might have been even harmful to ARDS patients with a low risk of death. Overall,
unclassi�ed patients could not bene�t from antioxidant therapies and they have to be used in treatment
with discretion. Nevertheless, some treatments have an effect on ARDS patients with a high risk of death
and early antioxidant treatment might be associated with reduced mortality compared with later
treatment.
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Figure 1

From: Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA Group (2009). Preferred Reporting Items for
Systematic Reviews and Meta-Analyses: The PRISMA Statement. PLoS Med 6(6): e1000097.
doi:10.1371/journal.pmed1000097 For more information, visit www.prisma-statement.org.
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