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Objective: Neutrophil elastase (NE) plays an important role in the development of acute respiratory distress syndrome (ARDS). 
Sivelestat sodium, as a selective NE inhibitor, may improve the outcomes of patients with sepsis-induced ARDS in previous studies, 
but there is a lack of solid evidence. This trial aimed to evaluate the effect of sivelestat sodium on oxygenation in patients with sepsis- 
induced ARDS.
Methods: We conducted a multicenter, double-blind, randomized, placebo-controlled trial enrolling patients diagnosed with sepsis- 
induced ARDS admitted within 48 hours of the advent of symptoms. Patients were randomized in a 1:1 fashion to sivelestat or 
placebo. Trial drugs were administered as a 24-hour continuous intravenous infusion, for a minimum duration of 5 days and 
a maximum duration of 14 days. The primary outcome was the proportion of PaO2/FiO2 ratio improvement on Day 5 after 
randomization, defined by a greater than 50% improvement in PaO2/FiO2 compared with that on ICU admission or PaO2/FiO2 

reached over 300 mmHg on Day 5.
Results: The study was stopped midway due to a potential between-group difference in mortality observed during the interim analysis. 
Overall, a total of 70 patients were randomized, of whom 34 were assigned to receive sivelestat sodium and 36 placebo. On day 5, 19/ 
34 (55.9%) patients in the sivelestat group had PaO2/FiO2 ratio improvement compared with 7/36 (19.4%) patients in the placebo 
group (risk difference, 0.36; 95% CI, 0.14 to 0.56, p<0.001). The Kaplan–Meier curves showed a significantly improved 28-day 
survival rate in patients receiving sivelestat than those not (hazard ratio, 0.32; 95% CI, 0.11 to 0.95; p=0.041).
Conclusion: In patients with sepsis-induced ARDS, sivelestat sodium could improve oxygenation within the first five days and may 
be associated with decreased 28-day mortality.
Keywords: sepsis, acute respiratory distress syndrome, neutrophil elastase, sivelestat, oxygenation

Introduction
Sepsis is an aberrant immune response to an infection and a syndrome characterized by organ dysfunction.1 Lung injury 
is common in sepsis, and acute respiratory distress syndrome (ARDS) is a devastating complication of sepsis.2 Sepsis is 
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the leading cause of ARDS, accounting for approximately 75% of patients with ARDS,3 and the outcomes of patients 
with sepsis-induced ARDs are worse than those with ARDS from other causes.4,5 However, therapies to prevent or treat 
sepsis-induced ARDS remain elusive.2

During the pathogenesis of sepsis-induced ARDS, multiple circulating immune cells are activated, and inflammatory 
mediators are massively released into the circulation, which leads to capillary endothelium injury in the lungs.6,7 

Following lung injury, immune cells such as neutrophils are recruited to the alveolar space and release large amounts 
of toxic mediators, including neutrophil elastase (NE).8,9 Previous studies found that systemic inflammatory response 
syndrome (SIRS) patients with high NE levels were prone to developing ARDS,10 and elevated NE activity was also 
observed in the bronchoalveolar lavage fluid (BALF) of patients with ARDS.11

Sivelestat sodium, a small molecule weight, selective and reversible NE inhibitor, was discovered in 1990s12 and may 
confer protective effects on pulmonary endothelial injury in sepsis animal models.13–15 Several clinical studies showed 
that sivelestat sodium could improve oxygenation, ameliorate lung injury, and reduce the duration of mechanical 
ventilation in patients with sepsis-induced ARDS.16–18 However, no causal relationship can be implicated due to the 
observational nature. Therefore, we conducted a multi-center, randomized controlled study to evaluate the role of 
sivelestat sodium on oxygenation in patients with sepsis-induced ARDS.

Materials and Methods
Trial Design and Oversight
We conducted an investigator-initiated, multicenter, double-blind, randomized, placebo-controlled trial in 12 hospitals in 
China between May 2022 and August 2023. The human research ethics committee at each hospital approved the 
protocol. Patients or their surrogates provided written informed consent before enrollment. This trial was designed by 
the authors, who collected and analyzed the data, vouched for the accuracy and completeness of the data and the 
adherence of the trial to the protocol, wrote and agreed on the submission of the manuscript. Shanghai Huilun (Jiangsu) 
Pharmaceutical Co., Ltd., supplied the trial drugs but had no role in designing or conducting the trial or analysing the 
data and did not have access to the data before publication. The trial was registered in the Chinese Clinical Trial Registry 
(ChiCTR2200056892) before enrollment began. This study is consistent with the Declaration of Helsinki.

Study Population
Patients diagnosed with sepsis aged between 18 and 75 years old and with ARDS admitted to any of the participating 
sites within 48 hours of sepsis-induced ARDS onset were eligible for inclusion. The diagnosis of sepsis was according to 
sepsis 3.0 criteria,19 and the diagnosis of ARDS was based on Berlin criteria.20 The inclusion criteria were (1) diagnosed 
with sepsis-induced ARDS, (2) diagnosed with mild to moderate ARDS, (3) age between 18 to 75 years old, (4) less than 
48 hours from ARDS onset, and (5) written informed consent obtained. The exclusion criteria were (1) patients with an 
PaO2/FiO2 ratio <100 mmHg (PEEP ≥ 5 cm H2O), (2) pregnant or lactating women or women who may be in the midst 
of pregnancy, (3) diagnosed with neutropenia, (4) patients receiving chemotherapeutic agents or other immunomodula-
tory drugs or high-dose corticosteroid therapy for more than 5 days, (5) had a history of severe cardiovascular, 
respiratory, renal, or hepatic diseases, and (6) post-transplant patients, or patients with disseminated intravascular 
coagulation, end-stage malignancy, mental illness, etc. Detailed inclusion and exclusion criteria were provided in the 
Supplementary Protocol.

Randomization, Blinding and Interventions
Each eligible participant was assigned randomly from a computer-generated sequence to either the sivelestat sodium or 
placebo group in a 1:1 ratio, using a block size of 4 stratified by site. The random allocation sequence was generated by 
a third party independent of the study. Allocation concealment was achieved using blinded medication packs. 
Participants, data collectors, and investigators assessing outcome data will be blinded to the treatment allocation.

After randomization, treatment administration was started within 1 hour of randomization. Patients were assigned to 
receive a 24-hour continuous intravenous infusion of sivelestat sodium at a rate of 0.2 mg/kg/h, for a minimum duration 
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of 5 days and a maximum duration of 14 days or a placebo during the same study period. All other treatments were 
administered at the discretion of the treating clinicians.

Trial Outcomes
The primary outcome was the proportion of PaO2/FiO2 ratio improvement on Day 5 after randomization. PaO2/FiO2 ratio 
improvement on Day 5 was defined as a greater than 50% improvement in PaO2/FiO2 compared with that on ICU 
admission or PaO2/FiO2 reached over 300 mmHg on Day 5. Secondary outcomes included PaO2/FiO2 ratio on Day 3, 5, 
7 and 28-day mortality, ventilator-free days (28-VFDs) with 28 days, ICU and hospital-free days within 28 days.

Sample Size Estimation
Based on previous studies,16,17 it is estimated that 35% of the study patients in the control group would reach the primary 
endpoint (oxygenation index improvement on Day 5). We estimated that a sample size of 142 participants (71 per group) 
could provide 80% power at a two-sided alpha level of 0.05 to detect an absolute 25% elevation in the primary endpoint 
with the use of sivelestat sodium, allowing for a potential 15% withdrawal. The calculation was implemented using the 
PASS 11.0 software (PASS, NCSS software, Kaysville, USA). His study employed one planned interim analysis that was 
conducted by an independent Data and Safety Monitoring Board (DSMB) after the first 70 participants enrolled. The 
sample-size calculation accounted for two sequential tests with the use of the O’Brien-Fleming spending function 
(Supplementary Table 1 and Supplementary Figure 1). The DSMB will review the results of the interim analysis and 
regular safety report. The DSMB will review the safety report every six months. There were two priori stopping rules: 
a between-group difference in the primary outcome reaching the efficacy or futility boundaries and clear evidence of 
harm in one trial group over the other as adjudicated by the DSMB (safety concerns).

Statistical Analysis
Continuous data were reported as means and standard deviations (SD) when normally distributed or as medians and 
interquartile ranges (IQR) when not normally distributed. The normality of continuous variables will be examined using 
the Shapiro–Wilk test. Categorical data will be expressed as numbers and percentages.

The primary analysis was based on the intention-to-treat (ITT) population, defined as all enrolled patients from the 
participating sites. We used generalized linear model (GLM) to compare the difference in the primary outcome (the 
proportion of PaO2/FiO2 ratio improvement on Day 5) between groups. In the GLM model, the proportion of oxygenation 
index improvement on trial day-5 will be treated as the response variable following a binomial distribution and the sivelestat 
sodium intervention as a fixed effect, and the identity and log link function will be used. In the adjusted GLM model, we 
introduced several baseline characteristics (including diabetes, history of covid-19 infection, lung compliance and PaO2/Fio2 
ratio) as covariates. However, the above log-binomial and identity-binomial regression model do not converge, and logit link 
function was used. We analyzed secondary outcomes also using GLM. Risk differences and its 95% confidence interval (CI) 
were calculated for categorical variables and mean differences (95% CI) for continuous variables. Kaplan–Meier curves were 
used to compare the 28-day survival curves after randomization. The difference between two-groups was calculated by Log 
rank test and its hazard ratio (HR), and 95% CIs were calculated by Mantel-Cox regression model.

Four pre-defined subgroup analyses were conducted for the primary endpoint according to (1) age (dichotomized at 
50 years old), (2) APACHE II score at enrollment (dichotomized at 15), (3) septic shock at enrollment, and (4) PaO2 

/FiO2 ratio at enrollment (dichotomized at 200). Adverse event analyses were reported for all the participants who 
received the study treatment. Analyses were conducted using the R 4.2.3 software. Statistical tests were two-sided, and 
p values <0.05 were considered statistically significant.

Results
Recruitment and Baseline Characteristics
During the study period, 282 patients with sepsis combined with ARDS were assessed for eligibility, of whom 70 were 
enrolled in the trial from nine hospitals across China. The trial recruitment was halted by the DSMB after the interim 
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analysis owing to observed between-group difference in mortality and a between-group difference in the primary 
outcome, and the DSMB requested to unblind the data. After reviewing the unblinded data, the DSMB concluded that 
the trial should be stopped midway due to the analysis result that sivelestat group showed improved survival and 
increased incidence of the primary outcome compared with the placebo group, and the trial was then formally stopped. 
The numbers of cases from each site were shown in online Supplemental Table 2. Among those 70 randomized patients, 
34 were assigned to receive sivelestat sodium and 36 placebo. All randomized participants completed follow-up and were 
included in the primary analysis (Figure 1).

The characteristics of the participants at baseline were evenly distributed between the two trial groups (Table 1). The 
majority of the trial participants required mechanical ventilation (52/70, 74.3%) at admission. The median (IQR) PaO2 

/FiO2 ratio was 136.0 (104.2–163.0) mmHg in the sivelestat group and 161.0 (144.0–195.0) mmHg in the placebo group.

Primary and Secondary Outcomes
On day 5 after randomization, 19/34 (55.9%) patients in the sivelestat group had PaO2/FiO2 ratio improvement compared 
with 7/36 (19.4%) patients in the placebo group (risk difference, 0.36; 95% CI, 0.14 to 0.56, p<0.001). In addition, the 
PaO2/FiO2 ratio constantly differs between groups on day 3, day 5 and day 7 (Table 2).

Figure 1 Study flowchart.
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Table 1 Baseline Characteristics of the Study Subjects

Characteristics Sivelestat Group Placebo Group

(N=34) (N=36)

Mean Age±SD, yr 61.2±11.4 56.5±17.6

Gender, n (%)

Women 12 (35.3) 13 (36.1)

Men 22 (64.7) 23 (63.9)

Mean BMI±SD, kg/m2 25.0±4.4 25.5±3.6

Median Charlson score (IQR) 4.0 (2.5–5.0) 5.0 (2.5–5.5)

Comorbidities, no. (%)

Hypertension 15 (44.1) 11 (30.6)

Diabetes mellitus 11 (32.4) 4 (11.1)

Coronary heart disease 6 (17.6) 4 (11.1)

History of covid-19 infection, n (%) 4 (11.8) 8 (22.2)

Use of mechanical ventilation, n (%) 25 (73.5) 27 (75.0)

Interval between randomization and ICU admission, d, median (IQR) 0.4 (0.2–2.2) 1.0 (0.2, 5.6)

Ventilator related parameters, median (IQR)

Lung compliance, mL/cmH2O 51.0 (30.8–58.5) 39.3 (33.2–48.4)

Positive end-expiratory pressure at randomization, cmH2O 5 (5–8) 5 (5–8)

Clinical parameters

Presence of sepsis, no. (%) 34 (100.0) 35 (97.2)

Presence of septic shock, no. (%) 16 (47.1) 15 (41.7)

Median APACHE II score (IQR) 20.5 (12.0–25.0) 17.5 (11.3–24.0)

Median SOFA score (IQR) 7.0 (4.8–10.0) 6.0 (4.3–9.8)

Median lac (IQR), mmol/L 1.2 (1.0–2.8) 1.4 (1.0–1.8)

Median PaO2/FiO2 ratio (IQR) 136.0 (104.2–163.0) 161.0 (144.0–195.0)

Laboratory parameters, median (IQR)

Serum NE concentration, pg/mL, ×104 31.0 (7.8–35.5) 32.7 (15.6–37.7)

Table 2 Trial Outcomes

Sivelestat Group (N=34) Placebo Group (N=36) Difference/Risk Ratio/Odd  
Ratio§ (95% CI)

P Value

Primary outcome

PaO2/FiO2 ratio improvement on day, n (%) 19 (55.9) 7 (19.4) Difference: 0.36 (0.14, 0.56) <0.001

RR: 2.87 (1.48, 6.58)

Adjusted OR: 6.12 (1.93, 22.10) 0.003

Secondary outcomes

PaO2/FiO2 ratio

Day 3, mean±SD 252.1±78.5 169.4±64.6 Difference: 82.7 (49.1, 116.3)

Day 5, mean±SD 261.8±68.4 173.7±69.2 Difference: 88.1 (54.6, 121.6)

Day 7, mean±SD 270.1±82.6 201.3±85.0 Difference: 68.8 (16.8, 120.7)

Ventilator free days within 28 days, d, median (IQR)# 21.0 (6.5, 24.5) 20.0 (0, 23.0) Difference: 3.9 (−1.9, 9.7) 0.20

28-day ICU free days, d, median (IQR)* 17.0 (0, 20.5) 10.0 (0, 21.3) Difference: 2.2 (−3.4, 7.7) 0.45

28-day hospital free days, d, median (IQR) 9.0 (0, 15.3) 9.5 (0, 17.8) Difference: −1.3 (−5.2, 2.6) 0.52

28-day mortality, n (%) 3 (8.8) 10 (27.8) Difference: −0.19 (−0.37, −0.01) 0.03

RR: 0.32 (0.08, 0.93)

Adverse events

Hematological Abnormalities, no. 2 2

Abnormal liver function, no. 1 2

Hyperuricaemia, no. 0 1

Hyperlactacidemia, no. 0 1

Notes: # calculated in patients undergoing mechanical ventilation at randomization. * calculated in patients admitted in ICU at randomization. §Difference was shown for 
continuous and categorical variables, risk ratio (RR) was shown for categorical variables, odd ratio (OR) will was shown when the above log-binomial regression model does 
not converge. Adjusted for sex, Age, AP etiology, organ failure, acute kidney injury (AKI) at enrollment, APACHE II score, and referral or not. 
Abbreviations: CI, confidence interval; SD, standard deviation; IQR, interquartile range; ICU, intensive care unit.
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Patients in the sivelestat group had a median of 21.0 VFDs (IQR, 6.5–24.5) within the first 28 days compared with 
20.0 VFDs (IQR, 0–23.0) for those receiving placebo. The mean difference in VFDs between groups was 3.9 days (95% 
CI, −1.9 to 9.7, p=0.20). No significant difference in cumulative event of weaning from mechanical ventilation between 
treatment groups was observed (hazard ratio, 1.70; 95% CI, 0.87 to 3.31, p=0.12, Supplementary Figure 2). The 28-day 
mortality was 3/34 (8.8%) in patients receiving sivelestat and 10/36 (27.8%) in those receiving placebo (risk difference, 
−0.19; 95% CI, −0.37 to −0.01, p=0.03). The Kaplan–Meier curves showed a significantly improved survival rate in 
patients receiving sivelestat than those not (HR, 0.32; 95% CI, 0.11 to 0.95; log-rank p=0.041) (Figure 2). The ICU and 
hospital-free days within 28 days were both comparable between the two groups (Table 2).

Subgroup Analysis
Subgroup analysis suggested that the treatment effect of sivelestat on the primary outcome had trends toward more 
significant in patients with APACHE II score <15 (p for interaction = 0.042) (Figure 3).

Adverse Events
The number of adverse events did not differ meaningfully between the trial groups. Details regarding adverse events are 
provided in Table 2.

Discussion
In this multicenter, double-blind, randomized, placebo-controlled trial, the use of sivelestat sodium could improve 
oxygenation within the first week in patients with sepsis-induced ARDS. Moreover, it was associated with decreased 28- 
day mortality, though there is no difference in ventilator-free days or other outcomes. Subgroup analysis showed that age, 

Figure 2 Survival curve. 
Abbreviations: HR, hazard ratio; CI, confidence interval.
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the baseline respiratory function, disease severity and septic status may affect the efficacy of sivelestat sodium, favouring 
sivelestat use in patients with APACHE II score <15.

Meta analysis showed that sivelestat can not only reduce the mortality, shorten the mechanical ventilation time, and 
increase ventilation-free days but also improve the oxygenation in ARDS patients.21 However, two recent large clinical 
trials demonstrated discordant effects of sivelestat sodium in patients with acute lung injury (ALI).22,23 The Phase III 
Japanese study by Tamakuma et al included 230 ALI/ARDS patients combined with SIRS, and sivelestat was shown to 
increase pulmonary function, reduce duration of mechanical ventilation, and shorten ICU stay.22 However, an interna-
tional multicenter double-blind, placebo-controlled Phase II study (STRIVE study) randomized 492 mechanically 
ventilated patients with ALI/ARDS,23 and the results showed that sivelestat did not change 28-day mortality or VFDs. 
Furthermore, a negative trend in the long-term 180-day mortality rate was noted, and the trial was then stopped midway 
per the recommendation from the DSMB.

The discrepancy between the two studies may be due to differences in the characteristics of study patients, such as 
age, baseline respiratory function, disease severity, intervention time and septic status. The patients enrolled in the phase 
III Japanese study had a narrower age distribution and better respiratory function than those in the STRIVE study. In 
addition, clinical studies reporting positive results with sivelestat therapy had mainly enrolled ARDS patients with 
a Lung Injury Score <2.5, whereas the majority of the patients in the STRIVE study had a Lung Injury Score >2.5.24,25 

A post-hoc analysis of the STRIVE patients involving those who had a mean Lung Injury Score ≤2.5, revealed 
favourable trends in mortality and VFDs in patients receiving sivelestat.23 On the other hand, it is suggested that the 
different proportions of septic patients may have contributed to the discordant results among these studies (58% vs 69%). 
Our results were consistent with the above findings, showing that sivelestat may confer larger treatment effects in patients 
with sepsis-induced ARDS, especially in patients with APACHE II score <15. Taken together, our study suggests that 
sivelestat could be effective in patients with mild sepsis-induced ARDS, and may be associated with survival benefits in 

Figure 3 Subgroup analysis for the primary outcome. 
Abbreviations: RD, risk difference; CI, confidence interval; APACHE II, Acute Physiology and Chronic Health Evaluation II.
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this popualtion. In addition, the mortality rate in our placebo group was 27.8%, which was in the acceptable range 
compared with previous studies,26,27 implying the generalizability of our results.

The above results can also be explained from a pathophysiological point of view. Neutrophil activation and NE 
release are very early biological events in the pathogenesis of ARDS.28 Previous research showed a significant increase 
in blood NE in patients with sepsis-induced ARDS29 and a decrease in blood NE after sivelestat administration,30,31 

suggesting that the therapeutic effect of sivelestat is related to the inhibition of NE. Recent studies have shown that 
damage to the endothelial glycocalyx is a critical factor in the development and progression of ARDS.32,33 In addition, 
our preclinical research has shown that sivelestat can reduce endothelial glycocalyx damage by inhibiting the production 
of neutrophil trapping nets (NETs), improve endothelial cell permeability, attenuate lung histopathological injury and 
ultimately improve survival in sepsis-induced ALI model mice. Further molecular docking and visualisation analysis 
showed that sivelestat could bind with high affinity to the key ferroptosis protein glutathione peroxidase (GPX4), 
increase the expression of GPX4 and thus interfere with the process of ferroptosis.29 Therefore, sivelestat may have 
pleiotropic effects on ARDS and may not be limited to interfering with NE.

The trial had several limitations. First, our study was stopped prematurely since our interim analysis reached the 
efficacy boundary, and the results of this study should be interpreted with caution. Second, subjective factors 
contribute to the decision to wean patients from mechanical ventilation, which may bring bias for the VFDs. The 
fact that approximately 25% of patients did not receive mechanical ventilation at randomization and the inadequate 
statistical power may explain the non-significant difference in VFD. Third, laboratory indexes related to inflam-
matory mediators were not detected in our original trial, precluding us to explore the mechanisms involved. Last, 
the finding that sivelestat improved survival should also be read with caution due to the possibility of a type II 
error.

Conclusion
In patients with sepsis-induced ARDS, sivelestat sodium could improve oxygenation within the first week and was 
associated with decreased 28-day mortality, particularly in patients with less severe disease, including those with 
APACHE II score <15 or with PaO2/FiO2 ratio ≥200 or without septic shock. Further large-scale RCTs are needed to 
confirm the effects of sivelestat on mortality in this population. These data also support the conduct of a large 
confirmatory trial with a hard clinical endpoint.
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