1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
Shock. Author manuscript; available in PMC 2018 January 01.

-, HHS Public Access
«

Published in final edited form as:
Shock. 2017 January ; 47(1): 13-21. doi:10.1097/SHK.0000000000000745.

Prevention or treatment of ARDS with aspirin: a review of
preclinical models and meta- analysis of clinical studies

Bernardo Amisa Pankal:2, Harm-Jan de Groothl:3, Angeliqué Spoelstra—de Man!:3, Mark
Looney?, and Pieter-Roel Tuinman?-3

VU University Medical Centre, Department of Intensive Care Medicine, Amsterdam, the
Netherlands %'s Lands Hospitaal Paramaribo, Department of Intensive Care Medicine,
Paramaribo, Suriname 3Research VUmc Intensive Care (REVIVE) and Institute for
Cardiovascular Research (ICAR-VU) “Department of Medicine, University of California, San
Francisco; San Francisco, California, U.S.A

Abstract

Background—The acute respiratory distress syndrome (ARDS) is a life-threating disorder that
contributes significantly to critical illness. No specific pharmacological interventions directed at
lung injury itself, have proven effective in improving outcome of patients with ARDS. Platelet
activation was identified as a key component in ARDS pathophysiology and may provide an
opportunity for preventive and therapeutic strategies. We hypothesize that use of acetyl salicylic
acid (ASA) may prevent and/or attenuate lung injury.

Methods—We conducted a systematic review of preclinical studies and meta-analysis of clinical
studies investigating the efficacy of ASA in the setting of lung injury. MEDLINE, EMBASE AND
COCHRANE databases were searched.

Results—The literature search yielded 1314 unique articles. Fifteen pre-clinical studies and eight
clinical studies fulfilled the in- and exclusion criteria.

In the animal studies, the overall effect of ASA was positive, e.g. ASA improved survival and
attenuated inflammation and pulmonary edema. Mechanisms of actions involved, among others,
are interference with the neutrophil-platelets interaction, reduction of leukotrienes, neutrophil
extracellular traps and prostaglandins. High dose ASA may be the drug of choice.

A meta-analysis of 3 clinical studies showed an association between ASA use and a reduced
incidence of ARDS (OR 0.59, 95% CI 0.36-0.98), albeit with substantial between-study
heterogeneity. All studies had their own shortcomings in methodological quality.

Conclusion—This systematic review of preclinical studies and meta-analysis of clinical studies
suggests a beneficial role for ASA in ARDS prevention and treatment. However, the currently
available data is insufficient to justify an indication for ASA in ARDS. The body of literature does
support further studies in humans.
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We suggest clinical trials in which the mechanisms of action of ASA in lung injury models is
being evaluated to guide optimal timing and dose, before prospective randomized trials.

Keywords
Aspirin; Acute Lung injury; ARDS; Intensive Care; Platelets

Introduction

The acute respiratory distress syndrome (ARDS) is a life-threating disorder that contributes
significantly to critical illness (1). ARDS places a heavy burden on public health resources
(2, 3). Recently, the period prevalence of ARDS was 10% of ICU admissions and the
mortality approaches 40 percent (4). ARDS leads to approximately 75,000 deaths each year
in the U.S. (1). To date, no specific pharmacological treatment directed at lung injury itself
has been consistently effective in ARDS.

ARDS is characterized by uncontrolled inflammation and coagulation. Key factors in the
development of ARDS are damage to the microvascular system with an increased capillary
permeability and alveolar instability (5), massive accumulation of inflammatory cells in
different compartments of the lungs (6) and pulmonary microvascular coagulopathy (7, 8).
There is a highly conserved coupling of the coagulation cascade and the immune response in
the modulation of inflammatory states and evidence shows that the interplay between
platelets, leukocytes and endothelial cells is critical in the pathogenesis (9, 10) and
resolution (11) of ARDS. Traditionally, platelets were viewed as mediators of hemostasis.
However, emerging data suggests a major role for platelets in immune modulation, including
both inflammatory and anti-inflammatory responses, as well as antimicrobial host defense
(12). In line with this, there is substantial evidence that platelets and platelet mediators have
an important role in the development of inflammatory conditions, e.g. in multiple organ
failure (MOF) in septic patients (13-15). Several studies evaluating acetylsalicylic acid
(ASA) for the treatment of sepsis in animal models have suggested a potential benefit (16,
17).

An important role for platelets in ARDS has also been described (12). This pivotal role for
platelet activation in ARDS pathogenesis represents an opportunity for a treatment strategy
with ASA, and several studies, human and animal, have been undertaken testing the role of
platelet inhibition in ARDS. We chose to study one specific antiplatelet agent in ARDS to
produce a more homogeneous analysis. ASA is the most used and studied antiplatelet
therapy, has known anti-inflammatory effects, is relatively safe, easy to administer, and
readily available.

In order to investigate the potential mechanisms by which ASA is beneficial in ARDS, we
first systematically searched the literature for preclinical studies to identify mechanisms of
action. Secondly, we conducted a meta-analysis on the available clinical studies to determine
the effect of ASA on important clinical outcomes in ARDS (e.g. prevention, ventilator-free
days, survival).
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Materials and Methods

Study selection, Data Extraction and Quality Assessment

A systemic search strategy was conducted to capture published preclinical and clinical
studies of ASA as (pre)treatment for ARDS.

Pubmed, Embase, and Cochrane databases were searched to identify relevant studies. The
search strategies were adapted to accommodate the unique searching feature of each
database-specific vocabulary words. Key words were “Respiratory Distress Syndrome,
Adult”, Acute Respiratory Distress Syndrome, “ARDS”,” acute lung injury”, “ALI",
“Aspirin”, “ acetylsalicylic acid”, transfusion-related lung injury (TRALI), TRALI,
antiplatelet therapy (APT). Eligible trials were identified through a full search in June 2014.
An update search was run in September 2015 through electronic searches. For references of
identified trials, hand searching was used.

Key inclusion criteria for human studies were (1) adult patients; (2) lung injury defined as
ARDS or TRALI as clinical diagnosis or (3) with ARDS or TRALI as primary outcome
measure; (4) analyzed association between ASA and ARDS or TRALI. Randomized
controlled trials (RCT), observational cohort studies (retrospective and prospective) and
case-control studies were included. For preclinical studies, the inclusion criteria were (1) a
model of lung injury in a laboratory animal; (2) intervention with ASA or an ASA-derived
compound; (3) any outcome was allowed. Only studies written in English were included.

All trials that appeared to fit the inclusion criteria were identified for full review by two
reviewers (BP and PRT). Differences were resolved during consensus meetings with other
reviewers (HJG and AMES). Four reviewers (BP, AMAS, PRT and HJG) independently
assessed the methodological quality of selected clinical studies. The methodological quality
of the preclinical studies was assed using the SYRCLE format (18) by three reviewers (BP,
ML and PRT). The Newcastle-Ottawa Quality Assessment Scale (19) for cohort and case-
control studies was used, and for clinical randomized trials, the Jadad score (20) was used.
The level of evidence for clinical studies was assessed according to the Oxford 2011 Levels
of Evidence (21). The Preferred Reporting items for systematic Reviews and Meta-analysis
(PRISMA) checklist for reporting systematic reviews was used.

Data Synthesis and Statistical Analysis of Clinical Studies

Studies with sufficient similarity in study population, intervention and outcome measure
were quantitatively analyzed in a meta-analysis. Adjusted odds ratios (ORs) were used to
compute a pooled OR. Heterogeneity between studies was quantified using the 12 statistic,
which ranges from 0% to 100% and describes the proportion of variation in treatment effect
estimates that is due to genuine variation rather than sampling error. Higgins et al suggest
describing 12 values of 25%, 50%, and 75% as low, moderate, and high, respectively (22). A
random effects model with Cochran (Hedges) estimator was used to estimate a pooled effect
size. Studies were weighted by the inverse of the standard error of the estimated (adjusted)
effect, as derived from the 95% confidence intervals. Sensitivity analysis was performed by
recalculating the summary statistics after removing single studies or groups of studies from
the analysis based on characteristics of the study design (23). Publication bias was assessed
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using the Egger test for funnel plot asymmetry (24). All quantitative data analyses were
performed with the R software for statistical computing version 3.2.0 and the metafor
package (25).

Results

Study Selection and Study Characteristics

Figure 1 shows the procedure of our literature search and selection. Our initial query yielded
1541 potentially relevant records, of which 227 were excluded for duplicate records and
another 1255 non-related studies were excluded according to the titles and abstracts. A total
of 59 full-text studies were assed for eligibility after which 23 studies were included in this
present meta-analysis.

Preclinical studies

There were 15 preclinical studies (26—40) identified in this systematic review (Table 1). In
10 studies the antiplatelet drug was ASA (26-31, 35-38) in three studies ASA-triggered
lipoxin (32, 33, 38) and in three studies ASA-triggered resolving D, (34, 39, 40) were
studied. In 12 preclinical studies (29-33, 35—-40) a mouse model was used, in two preclinical
studies a sheep model (27, 28) and in one study a dog model (26). Both direct and indirect
models of acute lung injury were tested (table 1). In 8 studies (27-29, 31, 35-37, 39) a
pretreatment model was used, in 4 studies (26, 32, 33, 40) a treatment model was used and 3
(30, 34, 38) studies consist of a combination of pretreatment and treatment for lung injury.
All models induced lung injury, evidenced by an increase in lung edema and the appearance
of neutrophils, proteins and inflammatory mediators in broncho-alveolar lavage fluid. In two
studies respiratory mechanics (27, 28) and in three studies pulmonary and systemic
hemodynamics were measured (26-28).

Of the 15 preclinical trials, 13 reported a beneficial effect of antiplatelet drug on ARDS, (26,
27, 30-40) evidenced by improved oxygenation, diminished lung edema, inflammation and
in some an increased survival (32, 36). No benefit was observed in one study (28) and in one
study (29) worsening of inflammation was demonstrated.

Beneficial mechanisms of action of ASA in preclinical studies

Leeman et al reported a beneficial effect of ASA (26). The involved mechanism was further
described in an subsequent study as a decrease of prostaglandin, leading to a reduced
intrapulmonary shunt and increased oxygenation (41). Zarbock et al found that blocking of
thromboxane (TX)-A, by ASA pretreatment, attenuated platelet-neutrophil interactions,
which resulted in significantly improved oxygenation and reduced neutrophil recruitment
(31). Kehir et al found that ASA-triggered 15-epi-LXA, (15-epi-LXA,) and its metabolic
stable analog (ATL) reduced inflammation and attenuated edema formation (33).
Furthermore, 15-epi-LXA accelerates the resolution of ARDS, which was the result of
overriding MPO suppression of apoptosis of neutrophils by blocking a p2-integrin-mediated
outside-in signaling. Fukunaga et al attributed the beneficial effects of ASA to the increased
formation of 15-epi-LXA,4 by ASA-acetylated cyclooxygenase (COX)-2 in injured lungs
(30). Jin et al demonstrated that ATL inhibited tumor necrosis factor-a. (TNF-a.),
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intrapulmonary nitric oxide (NO) and malondialdehyde (MDA) production (32). In addition,
these authors demonstrated that ATL markedly induced pulmonary heme oxygenase 1
(HO-1), which has been implicated in cytoprotective defense (42, 43). Ortiz-Mufioz et al
(38) also demonstrated in both an LPS-ALI and a two-event model of TRALI that either
ASA or 15-epi-LXA, decreased neutrophil recruitment and activity in the airspace,
decreased neutrophil-platelet aggregates in the lung and attenuated lung permeability (38).
In this study it was shown that ASA not only decreased the production of the pro-
inflammatory TXB> but, as described earlier by Fukunaga et al (30), also increased the
production of the anti-inflammatory 15-epi-LX Ay4. Here, it was also demonstrated that
blocking of the lipoxin receptor, or using mice deficient in this receptor, mitigated the
beneficial effect of ASA and 15-epi-LXA,. Eickmeier et al reported that aspirin-triggered
resolving D1 (AT-RvD1), significantly reduced mucosal inflammation and promoted
resolution, whether AT-RvD1 was administered as pretreatment or treatment approach (34).
Decreased leukocyte recruitment and interaction between leukocytes and platelets was
found. Furthermore, AT-RvD1 enhanced restitution of barrier function after ARDS. Tang et
al also found a beneficial effect of AT-RvD1 and pAT-RvD1 (39). Here, it was also
demonstrated that AT-RvD1 and pAT-RvD1 significantly reduced the pro-inflammatory
peptide complement C5, inhibited the activities of the inflammatory transcription factors
NF-xB and C/EBP in lung and alveolar macrophages, suppressed alveolar macrophage and
neutrophil TNF-a and IL-6 production and also decreased macrophage inflammatory
protein (MIP). When AT-RvD4 was administered after induction of lung injury, Cox et al
found a decrease in lipid peroxidation, suggestive for resolution of oxidative stress (40).
Mice treated with AT-RvD1 had significantly higher glutathione in lung tissue. Post-
treatment with AT-RvD1 also improved lung mechanics evidenced by reduced lung
resistance. Furthermore, AT-RvD1 enhanced the clearance of inflammatory cell infiltrate and
reduced pulmonary edema and permeability. A decrease of the pro-inflammatory
transcriptional regulator NF-xB activity was found, similar to the finding of Tang et al (39).
Cox et al demonstrated that AT-RvD1 treatment resulted in an overall decrease in
phosphorylation of Mitogen-activated protein kinases, which are critical mediators for the
activation of transcription factors, such as NF-xB. Furthermore, a decrease of hyperoxia-
induced apoptosis was indicated by the decreased apoptosis indicator Caspase-3 (40). Also,
increased phosphorylation of the proapoptotic BH3-only proteins BAD in the presence of
AT-RvD1 resulted in attenuated apoptosis. Tuinman et al found that high-dose ASA was
superior to low-dose ASA, clopidogrel, and to a combination of clopidogrel and low-dose
ASA in ameliorating LPS-induced lung injury, possibly through a combination of COX-1
and COX-2 inhibition (35). Looney et al demonstrated that treatment with ASA decreased
plasma TXB, levels and platelet sequestration in the lungs in a two-event TRALI model
(36). In a subsequent study, Caudrillier et al reported that treatment with ASA, through
inhibition of TXA, signaling, decreased neutrophil extracellular traps (NETs) and
subsequent lung injury (37). Sigurdsson et al demonstrated that ASA pretreatment prevented
pulmonary hypertension and lung edema (27). The potential mechanism was not described.
Table 2 summarizes potential beneficial mechanisms of ASA protection in relation to the
known pathophysiology involved in ARDS.
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In the study of Chelucci et al, ASA pretreatment reduced early pulmonary vasoconstriction,
airway resistance, and early pulmonary gas exchange (28). However, the late increase in
pulmonary artery pressure and airway resistance was not inhibited by ASA and the late
severe deterioration of gas exchange was even exaggerated compared to controls. In the
study of de Moraes it was shown that pretreatment with ASA increased the neutrophil
number in the bronchial alveolar fluid (BALF) (29).

Quality assessment of preclinical studies

Two studies (32, 35) reported random allocation of animals to an experimental group (to
reduce confounding), no studies reported blinded assessment of outcome measures (to
reduce detection bias), no studies reported a statement of sample size calculation (to provide
reassurance that studies were adequately powered and that repeated testing of accumulating
data was not performed), two studies (32, 35) reported animals that were excluded from the
analysis (to guard against attrition bias and the ad hoc exclusion of data), and nine studies
(30, 31, 34-40) reported a statement of whether or not a conflict of interest exists. All
studies had methodological shortcomings.

Clinical studies

Eight clinical studies were included in our analysis (44-51). Erlich et al performed a
retrospective population-based cohort study with a medical ICU admission (47). Patients
with at least one major ARDS risk factor were included in the study, which resulted 161
evaluable patients out of 14479 ICU admissions (1.1%). Patients with documented APT
(ASA, clopidogrel, ticlopidine, cilostazol, dipyridamole or anagrelide) had a lower incidence
of ARDS than those not on APT, and this risk reduction persisted after adjustment for
baseline severity of illness, baseline risk of ARDS and the propensity for APT (APT
associated RR 0.34, 95% CI 0.13-0.88); level 111 evidence. The same research group
performed a secondary analysis of a prospective multicenter international cohort study (48).
The study included 3855 adult nonsurgical patients with at least one ARDS risk factor
admitted to the ICUs of 20 US hospitals and 2 hospitals in Turkey. Of these patients 6.2%
developed ARDS and propensity-stratified analysis showed that ASA use was associated
with a non-significant reduction in ARDS incidence (OR 0.70, 95% CI 0.48-1.03); level 1ll
evidence. O’Neal et al performed a cross-sectional analysis of 575 ICU patients (>= 40 years
old without an acute cardiac diagnosis) in a single tertiary-care hospital (44). Using a
logistic regression model, prehospital statin use was found to be associated with lower risk
of developing ARDS, while prehospital ASA use was not (OR 0.86, 95% CI 0.51-1.44);
level 111 evidence. This study was extended into a larger cohort of 1149 patients by Chen et
al, (45) which also included the cohort of 575 patients published before(44). In contrast to
the earlier findings, prehospital ASA was now found to be associated with decreased risk of
ARDS (OR 0.66, 95% CI 0.46-0.94) in a propensity adjusted analysis; level Il evidence.
The authors concluded that the smaller cohort was likely underpowered to detect an ASA
effect or that the effect may have been confounded by statin use. Noteworthy in this
extended cohort was the finding that concomitant statin use was not beneficial for the

Shock. Author manuscript; available in PMC 2018 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Panka et al.

Page 7

prevention of ARDS, which was in contrast to the finding in the smaller cohort of O’Neal et
al (44) but in line with the recent published study of Boyle et al (46).

In a retrospective cohort study, Mazzeffi et al (51) evaluated the association between
preoperative aspirin use and the risk of ARDS in 375 adult patients after aortic valve
replacement surgery. A propensity-adjusted analysis showed a non-significant reduction in
ARDS risk among ASA users (OR 0.46, 95% CI 0.12-1.73); level Il evidence. Boyle
analyzed the association between ASA use and mortality in a convenience sample of 202
prospectively identified ARDS patients (46). Multivariate logistic regression indicated
reduced mortality in patients with a history of ASA use (OR 0.38, 95% CI 0.15-0.96); level
Il evidence. Harr et al. identified a significant interaction between the number of transfused
RBC units and APT in a cohort of 839 severely injured trauma patients (49). The interaction
effect is difficult to quantify because only p-values of the relevant coefficients are reported
(p=0.01 for lung dysfunction, p=0.03 for MOF); level 11l evidence. Tuinman et al evaluated
the association between ASA and TRALLI in a nested case-control study (50). After
propensity adjustment, no association was found between ASA and the risk of TRALI after
transfusion of platelets, plasma or red blood cells (aspirin associated OR for TRALI 0.91,
95% CI 0.49-1.69); level 111 evidence.

The only RCT on the effect of antiplatelet therapy (APT) for the prevention of ARDS was
performed by Vincent et al in 1985 (52). In this small (N=33) double-blinded pilot RCT,
patients with circulatory shock received either ASA plus dipyridamole or ASA plus placebo,
the active comparator thus being the addition of dipyridamole, and was therefore excluded
from our analysis. Of note, no benefits were found.

All observational studies scored equally well on the Newcastle-Ottowa Quality Assessment
scale: 4 out of 4 on the selection scale, 2 out of 2 on the comparability scale, and 2 out of 3
on the outcome scale.

Meta-analysis of clinical studies

Figure 2 shows a Forest plot of the seven independent studies that can be quantified on the
odds ratio scale. A pooled OR was only calculated for the three independent cohort studies
that estimated the ASA effect on the risk of developing ARDS in mixed critically ill patients.
The pooled OR was 0.59 (95% CI 0.36-0.98), with significant between-study heterogeneity
(Q=2.44, 12 =68%). The Egger test for funnel plot asymmetry yielded a p-value of 0.12, but
this test has very lower power with only three studies (data not shown). The study by Erlich
et al. has the highest SE and the largest effect size and did not differentiate between ASA
and other antiplatelet therapy (47). Eliminating this study from the meta-analysis did not
fundamentally alter the results (pooled OR 0.67, 95% CI 0.52-0.87).

The cohort analyzed by O’Neal et al (44) was also included in a later and larger study by

Chen et al (45) and was therefore excluded from the meta-analysis. Erlich et al reported an
adjusted risk ratio (47), which was converted to OR using the study’s incidence rate of 0.20
(33/161), so that the RR of 0.34 (95% CI 0.13 to 0.88) converted to an OR of 0.29 (95% CI
0.10 to 0.82) (53). Harr et al only reported the p-value of the interaction coefficient of APT
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and the number of packed red blood cell transfusions on the lowered risk of lung
dysfunction (p=0.0116), which was unusable for this meta-analysis (49).

Discussion

The meta-analysis of clinical studies is suggestive of a beneficial association between ASA
and ARDS prevention. The systematic review of preclinical studies reveals several potential
mechanisms of action of ASA as a preventive and therapeutic strategy in different lung
injury models, indicating a solid pathophysiological base for the beneficial effect observed
in the clinical studies. The strengths of this review are that we used a robust search strategy,
we assessed the quality of included studies with validated tools for both preclinical and
clinical studies, and the fact that we combine clinical data with preclinical data. In addition,
we are the first to report a meta-analysis of clinical studies demonstrating an association
between ASA and diminished risk of ARDS in critically-ill patients at risk for acute lung
injury. Although our results are in line with data from studies with ASA in other
inflammatory conditions, (54-56) the results of this meta-analysis should be interpreted with
caution. General limitations of the clinical studies include lack of information regarding
ASA dose, lack of control of prehospital vs. in hospital ASA use and the bias or
confounding inherent to observational studies.

There was moderate between-study heterogeneity and publication bias cannot be ruled out.
All studies were observational in design. Although these studies reported effects that were
statistically adjusted for baseline risk and propensity of ASA use, there remains an important
inherent risk of bias and confounding by indication. The external validity of the study by
Erlich et al is limited by the small number of included patients as compared to all screened
ICU admissions (inclusion rate 1.1%) and the homogenous population base (47). The study
by Chen et al (45) is the largest study with a significant association between ASA and
ARDS, but the cohort in this study has a much higher incidence of ARDS compared to the
other large observational study by Kor et al (48) (32% vs. 6.2%). This sample enrichment
results in an improved power to detect an ASA effect, but it may also limit the
generalizability and external applicability of the findings. The positive results of the meta-
analysis are supported by ample preclinical work in which both ASA pretreatment and
treatment were effective approaches. The benefits include a reduction in intrapulmonary
shunt (41), prevention of pulmonary hypertension (27), and reduced pulmonary edema and
inflammation. In the pathogenesis of ARDS there is an induction of inflammatory
mediators, inflammatory cells, expression of adhesion molecules, and enzymes, including
TNF-a, IL-8, COX and lipoxygenase products, and reactive oxygen species (57). ASA
attenuates these inflammatory mediators. The role of these inflammatory mediators in
human ARDS has also been described (1). Another important benefit of ASA is the
increased restitution of pulmonary barrier function and promotion of resolution of injury
through lipoxins (58). Lipoxins are eicosanoids, generated during inflammation, that elicit
distinct anti-inflammatory and pro-resolution bioactions (59, 60). ASA is the only
nonsteroidal anti-inflammatory drug capable of triggering lipoxin formation. Tang et al
provide evidence of the mechanism by which resolvins exert their beneficial effects (39). In
TRALLI, an important mechanism resulting in injury is the formation of NETs (37). The pro-
inflammatory activity of NETS has also been described in humans (61). Inhibition of TXA,
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signaling with ASA reduced NET formation. Interestingly, blockage of P-selectin,
glycoprotein Ilb/111a receptors (36, 62), or the P2Y 1o-receptor (63) on platelets does not
confer the same benefit, indicating that outcomes are not simply related to platelet-
neutrophil interactions, but that aspirin itself confers additional benefits. This is in line with
the mechanisms described above. Notably, this review shows that ASA was not always
beneficial. In the study of Chelluci et al. a biphasic behavior of ASA on gas exchange was
observed, with a benefit in the early phase followed by a worsening of gas exchange (28).
The study of Gongalves et al observed an increase in inflammation with ASA treatment (29).

The impact of sources of bias, including publication bias, selection bias, and measurements
bias was difficult to quantify. All preclinical studies had methodological shortcomings.
However, our systematic review of the preclinical studies is important, so that unnecessary
duplication of animal studies with ASA can be avoided. Gaps in the preclinical data include
the determination of which drug is superior in the class of ASA compounds and optimal
timing and duration of treatment. For example, a potential explanation for the difference in
preclinical and clinical trial results, since the clinical studies were not universally positive,
could be related to the ASA dose, timing, duration or the difference between species. The
difference in effective ASA dose used in the animals models compared to the ASA dose in
humans was pointed out by Tuinman et al (35). Whereas a low dose of ASA mainly blocks
COX-1, ASA in a high dose also blocks COX-2. COX-1 inhibition results in anti-thrombotic
effects through inhibiting TXA; and platelet aggregation, whereas COX-2 inhibits
inflammation (64). In the clinical studies, low-dose ASA was tested. In contrast, in all the
animal studies, a high dose is used. This review can be used for hypothesis generation to
inform the design and conduct of future studies with ASA. Although there appears to be an
association between ASA use and the risk of lung injury from observational studies that are
supported by ample preclinical work, the applicability of these findings is unclear. The
highly enriched samples in some of the clinical studies are useful to detect an effect of ASA
use but limit the external validity of the findings. Ultimately, the timing of ASA
administration will be a critical factor in the design of future clinical studies that focus on
prevention. We like to point out that there is a treatment paradigm shift to employ
pharmacological interventions to patients at risk of ARDS (65). Thereby pretreatment with
aspirin could be clinically relevant in patients who are at increased risk of developing
ARDS. However, there is likely only a small window of opportunity to intervene with
patients who are at high-risk for the development of ARDS. Furthermore, the
pathophysiologic cascade of lung injury is likely well-advanced even in patients who do not
meet the clinical definition of ARDS (66).

This systematic review points to a possible beneficial role for ASA in ARDS prevention and
treatment. Future trials (67-69) that endeavour to more clearly define the role of ASA in the
management of ARDS are justified. We also suggest that the mechanisms of ASA protection
in lung injury be evaluated in “dose-finding “studies in humans to optimize the design of
future randomized controlled trials.
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The evidence for ASA protection in acute lung injury in preclinical studies is compelling

an
avi

d observational studies in aggregate also suggest promising results. However, the currently
ailable data is insufficient to justify an indication for ASA in ARDS. The body of

literature does support further mechanistic studies in humans and randomized controlled
trials for clinical efficacy.
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Figure 1. Flow diagram showing the search strategy and selection process
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Study description, Outcome

author and year N incidence Odds ratio [95% CI]

Cohorts of patients at risk of ARDS.
Outcome: Risk of ARDS :
Erlich 2011 161 21% _-_—

Kor 2011 3855  6.2% —
Chen 2015 1149 32% —

Pooled OR (RE) ——cem—
Heterogeneity: Q=2.442, |-squared=68% :

Cohort of cardiosurgical patients.
Outcome: Risk of ARDS
Mazzeffi 2015 375 5.5%

Case-control study of patients at risk of TRALI.
Outcome: Risk of TRALI :
Tuinman 2012 218 50% — .

| T i T 1
025 050 100 200 4.00

ASA better ASA worse

Figure 2. Forest plot of estimated associations between aspirin (ASA) use and adverse clinical
outcomes in patients at risk of Acute Respiratory Distress Syndrome (ARDS) or Transfusion-
Associated Acute Lung Injury (TRALI) or with established ARDS
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Table 1

Pre-clinical studies investigating the role of acetylsalicylic acid in lung injury

Page 16

Reference

Lung injury model

Drug (dose; (pre)-treatment)

Animal (n/group)

Conclusion

Leeman et
al[26] (1988)

Sigurdsson et
al[27] (1989)

Chelucci et
al[28] (1992)

Gongalves de
Moraes et al[29]
(1996)

Fukunaga et
al[30] (2005)

Zarbock et
al[31] (2006)

Jin et al[32]
(2007)

El Kebir et
al[33] (2009)

Eickmeier et
al[34] (2013)

Tuinman et
al[35] (2013)

Ortiz-Mufioz et
al[38] (2014)

Tang et al[39]
(2014)

Cox et al[40]
(2015)

Looney et al[36]
(2009)

Caudrillier et
al[37] (2012)

Oleic acid iv

Ethanolamine oleate iv.

Oleic acid i.v.

LPS inhalation

HCl intrabronchial

HCL-intratracheal

LPS inhalation

Carrageenan + MPO
intratracheal or E. coli
intraperitoneal

HCL intrabronchial

LPS intranasal

LPS intratracheal

Two-event LPS-
primed/MHC 1 mAb
TRALI model

Anti-BSA IgG intratracheal
and iv.

Hyperoxia

Two-event LPS-
primed/MHC | mAb
TRALI model

Two-event LPS-
primed/MHC | mAb
TRALI model

ASA (1 g iv; Treatment)

ASA (10 mg/kg, Pretreatment)

ASA (10 mg/kg; Pretreatment)

ASA (50mg/kg; Pretreatment)

ASA (125mg/kg; Treatment and
Pretreatment)

ASA (1 g/kg; Pretreatment)

AT-LX,4 (0.7mg/kg; Treatment)

AT-15 epiL XA, (200 pg/kg;
Treatment)

AT-RvD; (0,5-5ug/kg; Treatment and
Pretreatment)

ASA(12.5 mg/kg) or 100 mg/kg;
Pretreatment)

ASA (100mg/kg Pretreatment with or
without AT-15 epiL XA, (100-5000ng;
Pretreatment and Treatment)

ASA (100mg/kg Pretreatment with or
without AT-15 epiLXA, (100-5000ng;
Pretreatment and Treatment)
AT-RvD1 (500 ng; Pretreatment)
AT-RvD1 (100 ng; Treatment)

ASA (100mg/kg; Pretreatment)

ASA (100mg/kg; Pretreatment)

Dog (n=8 all groups)
Sheep(n=7 vs 8

control)

Sheep (n=6 vs 8
control)

Mice (n=5 or 6)

Mice (n=3-5)

Mice (n=4-5)

Mice (n=6)

Mice (n=6-10)

Mice (n=3-6)

Mice (n=8 all
groups)

Mice (n=3-10)

Mice (n=3-5)

Mice (n=6-10)

Mice (n=4-10)

Mice (n=6-9)

1 PaOZ,
lvenous admixture
| intra pulmonary shunt

prevent PHT
prevent lung edema
preserved PaO2

no morphological
benefit

no significant change of
static compliance of
respiratory system and
on flow resistance of the
airway at 3h

T inflammation

| inflammation

| inflammation
T PaO,/FiO, (mmHg)

| lung edema

| microvascular
permeability

I Inflammation

1 survival (at 72 h)

| inflammation

| lung edema

| resistance

| inflammation
Trestitution of lung-
barrier function

ASA protects against
ARDS. High dose ASA
is superior to low-dose
ASA.

| inflammation
| permeability

linflammation
lower dose: not effective

| lung injury and
mortality

| inflammation
| permeability

| inflammation
| permeability
mortality

INETs (leading to
lung injury)

ARDS: acute respiratory distress syndrome; ASA: acetylsalicylic acid;AT-LXA4: ASA-Triggered Lipoxin A4 ;AT-15 epiLXA4 : ASA-triggered
15-epi-lipoxin A4 ; AT-RvD1: ASA-triggered resolving D1; ; pAT-RvD1: 17R-hydroxy-19-para-fluorophenoxy-resolvin D1 methyl ester ; BALF-
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N: Broncho alveolar lavage fluid neutrophil; EVLW: extra vascular lung water; EVPE: lung vascular permeability; HCL: hydrochloric acid; 19gG-
IC: immune globulin G complex LPS: lipopolysaccharide; NET: neutrophil extravascular traps; Pap: pulmonary artery pressure; PHT: pulmonary
hypertension; TRALI: transfusion-related cute lung injury; J: decrease; 1: increase

Shock. Author manuscript; available in PMC 2018 January 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Panka et al.

Page 18

Table 2

beneficial mechanisms of ASA in pre-clinical studies investigating the role of acetylsalicylic acid in lung
injury in relation to the pathophysiology in ARDS

Study

Pathophysiology in ARDS

Beneficial mechanism of ASA in ARDS

Eickmeier et al[34] (2013)

Jin et al[32] (2007)

Zarbock et al[31] (2006)
Caudrillier et al[37] (2012)

Eickmeier et al[34] (2013)
Jin et al[32] (2007)

Zarbock et al[31] (2006)
Tuinman et al[35] (2013)
Ortiz-Mufioz et al[38] (2014)

Edema and Inflammation

| edema and inflammation by:

- improved epithelial and endothelial barrier integrity through ¥
leukocyte lung recruitment and regulation of vasoactive mediators

- THO-1 protein (cytoprotective effects)
-1 TXA,

-4 NETs through ¢ TXA,
- inhibiting neutrophil — platelet heterotypic interactions by ¥ P-
selectin and its ligand CD24;

* HO-1 protein it | TNF-a,¢ NO, ! MDA leading to a mitigation
of neutrophilic lung inflammation

- neutrophil recruitment by I TXA,
- neutrophil activation by | TXA,
- ¥ influx neutrophils through inhibition of COX-1 and -2

Leeman et al[26] (1988)

Increased intrapulmonary shunt

| intrapulmonary shunt by: - accentuating hypoxic pulmonary
vasoconstriction; presumed mechanism are | vasodilating
prostacyclin or 1 vasoconstricting leukotrienes

Not reported

Increased pulmonary dead space

- decrease in microvascular thrombi

Sigurdsson et al[27] (1989)

Pulmonary hypertension

through attenuating increased vascular tone

Microvascular thrombosis

Not reported by the included studies

Fukunaga et al[30] (2005)
Kebir et al[33] (2009)
Eickmeier et al[34] (2013)
Jin et al[32] (2007)

Resolution of inflammation and
fibrosis

1 resolution by:

-1 COX-2 mediated anti-inflammatory LX
- overriding antiapoptosis signal from MPO
- through resolvin D1

- through lipoxins generated HO-1 protein

HO-1 protein: Heme oxygenase-1 protein; TXA2: thromboxane2; NET: neutrophil extracellular traps; IL-1p: interleukin-1@; IL-6:interleukin-6;
TNFa: tumor necrosis factor-a.; NF-xB p65: nuclear factor-xB p65; NO:nitric oxide ; MDA: malondialdehyde; PGE2: prostaglandin E2; COX-2:

cyclooxygenase-2; MPO: myeoloperoxidase; 1: increase; V: reduction
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