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Abstract 

Background Neutrophil serine proteinases (NSPs), released by activated neutrophils, are key proteins involved in the 
pathophysiologic processes of stroke. NSPs are also implicated in the process and response of thrombolysis. This study 
aimed to analyze three NSPs (neutrophil elastase, cathepsin G, and proteinase 3) in relation to acute ischemic stroke 
(AIS) outcomes and in relation to the outcomes of patients treated with intravenous recombinant tissue plasminogen 
activator (IV-rtPA).

Methods Among 736 patients prospectively recruited at the stroke center from 2018 to 2019, 342 patients diag-
nosed with confirmed AIS were included. Plasma neutrophil elastase (NE), cathepsin G (CTSG), and proteinase 3 (PR3) 
concentrations were measured on admission. The primary endpoint was unfavorable outcome defined as modified 
Rankin Scale score 3–6 at 3 months, and the secondary endpoints were symptomatic intracerebral hemorrhage (sICH) 
within 48 h, and mortality within 3 months. In the subgroup of patients who received IV-rtPA, post-thrombolysis 
early neurological improvement (ENI) (defined as National Institutes of Health Stroke Scale score = 0 or decrease of 
≥ 4 within 24 h after thrombolysis) was also included as the secondary endpoint. Univariate and multivariate logistic 
regression analyses were performed to evaluate the association between NSPs levels and AIS outcomes.

Results Higher NE and PR3 plasma levels were associated with the 3-month mortality and 3-month unfavorable out-
come. Higher NE plasma levels were also associated with the risk of sICH after AIS. After adjusting for potential con-
founders, plasma NE level > 229.56 ng/mL (odds ratio [OR] = 4.478 [2.344–8.554]) and PR3 > 388.77 ng/mL (OR = 2.805 
[1.504–5.231]) independently predicted the 3-month unfavorable outcome. Regarding rtPA treatment, patients with 
NE plasma concentration > 177.22 ng/mL (OR = 8.931 [2.330–34.238]) or PR3 > 388.77 ng/mL (OR = 4.275 [1.045–
17.491]) were over 4 times more likely to suffer unfavorable outcomes after rtPA treatment. The addition of NE and 
PR3 to clinical predictors of unfavorable functional outcome after AIS and the outcome after rtPA treatment improved 
discrimination as well as reclassification (integrated discrimination improvement = 8.2% and 18.1%, continuous net 
reclassification improvement = 100.0% and 91.8%, respectively).

Conclusions Plasma NE and PR3 are novel and independent predictors of 3-month functional outcomes after AIS. 
Plasma NE and PR3 also possess predictive value to identify patients with unfavorable outcomes after rtPA treat-
ment. NE is probably an important mediator of the effects of neutrophils on stroke outcomes, which worth further 
investigation.
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Introduction
Inflammation and immune response strongly contribute 
to ischemia-elicited tissue damage in stroke, especially 
causing a second insult during reperfusion [1–3]. Neu-
trophils are activated and recruited early to the ischemic 
sites by damage-associated molecule patterns (DAMPs) 
and show increased proteolytic activity, participating in 
shaping the onset, progression, and outcomes of ischemic 
stroke (IS) [4–6]. Neutrophil serine proteases [NSPs; 
neutrophil elastase (NE), cathepsin G (CTSG), and pro-
teinase 3 (PR3)], three proteolytic effectors released from 
activated neutrophils [7], are involved in the pathophysi-
ologic processes of IS [8].

A strong association between NE and cardiovascu-
lar incidents was found in a large cross-sectional clini-
cal study that enrolled 1592 patients [9]. Furthermore, a 
recent clinical study enrolled 41 acute IS (AIS) patients 
with less than 6 h from stroke onset and matched healthy 
controls reported that plasma NE levels were significantly 
increased in AIS patients compared to controls [10], 
which preliminarily demonstrated that NE levels were 
associated with stroke severity. Serum PR3 levels were 
also found higher in 120 AIS patients than in matched 
controls [11]. Preclinical studies reported that NSPs 
(NE, CTSG, and PR3) augmented cerebral inflammation, 
enhanced vascular permeability, and caused tissue dam-
age in experimental stroke models [12–14], which sug-
gests that NSPs are reasonable intervention candidates 
in IS. However, there’s no evidence demonstrating the 
link between the NSPs plasma levels and the outcomes of 
AIS.

Recent lines of clinical studies showed that neutro-
phils and neutrophil extracellular traps (NETs) influence 
the efficacy, safety, and outcomes of recombinant tissue-
type plasminogen activator (rtPA) treatment in AIS [15], 
by causing physical obstruction-induced no-reflow [16], 
reperfusion resistance [17], and hemorrhagic transforma-
tion [18]. In line with these, fundamental research sug-
gested that NE, CTSG, and PR3 mediated the histone H3 
proteolytic cleavage [19] and promoted nuclear de-con-
densation [20], regulating the formation of NETs. And 
NE was also reported extensively existed throughout all 
68 thrombi retrieved from IS patients who underwent 
endovascular treatment [21], which indicates that NE 
may participate in resistance to thrombolysis. Besides, 
NSPs degraded basal membrane and recruited neutro-
phils, paving the way for neutrophils diapedesis during 
reperfusion in experimental stroke [12, 22]. A preclinical 

study reported that an NE inhibitor could reduce 
ischemia/reperfusion (I/R) injury in a canine heart trans-
plantation model [23]. It’s intriguing and urgent to inves-
tigate the association between NSPs plasma levels and 
the outcomes of patients who received rtPA treatment.

The aim of this study, therefore, was to investigate the 
association between levels of NSPs and stroke outcomes 
as assessed by symptomatic intracerebral hemorrhage 
(sICH), mortality within 3 months, and modified Rankin 
Scale (mRS) at 3 months, in AIS patients and in patients 
received rtPA treatment.

Methods
Study design and participants
This prospective cohort study was conducted from 
November 2018 to November 2019. Consecutive patients 
diagnosed with ischemic stroke who presented within 
24 h after symptom onset were enrolled in Xuanwu Hos-
pital of Capital Medical University.

The inclusion criteria were as follows: age ≥ 18  years; 
a diagnosis of AIS confirmed by head computed tomog-
raphy (CT) or brain magnetic resonance imaging (MRI) 
(hypodensity on CT; or hypo-intensity on T1-weighted 
imaging  (T1WI), hyperintensity on  T2WI and restricted 
diffusion on diffusion-weighted imaging (DWI)); and 
presentation within 24 h after symptoms onset (defined 
according to the “last known normal time” principle).

The exclusion criteria included: TIA, cerebral hemor-
rhage diagnosed by baseline head CT or MRI, epilepsy, 
or other nonischemic neurological diseases; malignancy, 
heart failure (New York Heart Association class III and 
IV), renal failure (serum creatinine 1.5 times higher than 
the normal value), severe hepatic dysfunction (serum 
alanine aminotransferase or aspartate transaminase 2 
times higher than the normal value), hematological dis-
orders (anemia), rheumatic-immune systemic diseases 
and active infection; treatment with anti-inflammatory 
drugs within 1 month before admission. Finally, 342 AIS 
patients were enrolled in our analysis (Fig. 1), including 
146 patients who received intravenous thrombolysis and 
57 patients who received endovascular treatment.

Clinical assessment
Baseline variables included demographic characteristics, 
medical history, stroke characteristics and treatment, stroke 
etiology, lesion location, and clinical and laboratory find-
ings were collected from clinical interviews and neurologic 
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examinations by board-certified neurologists. Stroke sever-
ity was assessed by the NIH Stroke Scale (NIHSS) [24] on 
admission in all enrolled patients. Onset-to-treatment time 
was defined as the time from symptom onset to admission 
in the emergency department. Stroke etiology was defined 
according to the Trial of ORG 10172 in Acute Stroke Treat-
ment (TOAST) classification [25]. In the subgroup of 
patients who received rtPA treatment, NIHSS was addi-
tionally assessed within 24 h after the administration of IV-
rtPA in patients, and post-thrombolysis early neurological 
improvement (ENI) was defined as an NIHSS score of 0 or 
NIHSS score decrease of ≥ 4 within 24  h [26]. The func-
tional outcome was evaluated with modified Rankin Scale 
(mRS) [27] either at a face-to-face visit or by a telephone 
interview at 3 months by trained neurologists. We defined 
a favorable outcome as an mRS score of 0–2 or equal to 
pre-stroke mRS and an unfavorable outcome as an mRS 
score of 3–6. sICH was defined according to the ECASS-III 
[28]. All patients and investigators involved in the present 
study were blinded to the results of the biochemical tests.

Outcomes
The primary study endpoint was unfavorable outcome 
defined as mRS 3–6 at 3  months. The secondary end-
points were sICH within 48  h and mortality within 

3 months. In the subgroup of patients who received IV-
rtPA, the primary study endpoint was the unfavorable 
outcome, and the secondary endpoints were ENI within 
24 h, sICH within 48 h, and mortality within 3 months.

Imaging
All patients underwent either a non-contrast CT or MRI 
scan in the emergency room. Patients who received reca-
nalization treatment underwent another CT or MRI 
scan 24–36 h after treatment, or earlier in case of clini-
cal worsening. A subgroup of patients underwent MRI 
within 24 h of admission (n = 212), and infarct volumes 
were calculated on DWI sequences as described previ-
ously [29].

Intravenous thrombolysis administration
IV-rtPA (Actilyse; Boehringer, Ingelheim, Germany) 
administration was performed following the recommen-
dations of the European stroke organization [30]. (i.e., 
0.9  mg/kg body weight, maximum 90  mg, 10% of the 
dose as a bolus, followed by a 60-min infusion).

Neutrophil serine proteinases measurements
All patients in the emergency department underwent 
blood sampling as soon as possible on admission (within 

Fig. 1 Flow chart of the study
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30  min from admission and within 24  h from the “last 
known normal time”), before IV-rtPA administration 
(onset-to-sampling time was nearly equal to onset-to-
treatment time). Whole-blood samples were immediately 
centrifuged (3000 rpm, for 10 min) into plasma, then sep-
arated into corresponding vials, and stored in the − 80 °C 
refrigerator until analysis. All blood samples were han-
dled complying with the same protocol throughout the 
whole study.

The concentrations of plasma NSPs were measured 
using the quantitative competitive sandwich enzyme-
linked immunosorbent assay (ELISA). ELISA kit for 
human neutrophil elastase (cat.no. SEKH-0513) was pur-
chased from Beijing Solarbio Science & Technology Co., 
Ltd, the intra-assay coefficients of variation was 6.8%, and 
the inter-assay coefficients of variation was 7.8%. ELISA 
kits for human cathepsin G and human proteinase 3 (cat.
no. ER3191, ER3188) were purchased from Shanghai 
Guangrui Biotechnology Co., Ltd, intra-assay coefficients 
of variation were 6.7% and 6.3%, and the inter-assay coef-
ficients of variation was 8.8% and 8.50%, respectively. All 
standards and samples were tested by board-certified lab-
oratory technicians blinded to the clinical data, according 
to the manufacturers’ protocols on the same day.

Statistical analysis
All the data were analyzed with SPSS 26 (SPSS Inc, Chi-
cago, IL), R studio 3.6.1 (Boston, MA), and GraphPad 
Prism 8.4.0 (GraphPad Software, La Jolla, CA). Statisti-
cal significance was set at p < 0.05. The normality of data 
distribution was assessed with the Kolmogorov–Smirnov 
test. Continuous variables were described as the means 
(SD) in case of normal distribution or medians [IQRs] 
otherwise. Categorical variables were described as pro-
portions. We analyzed the groups for continuous vari-
ables using the Student t-test or Mann–Whitney U test; 
and for categorical variables using the Pearson χ2 test 
or Fisher exact test, depending on the nature of data 
distributions.

We evaluated the association between NSPs plasma 
concentrations and neutrophil count and neutrophil-to-
lymphocyte ratio (NLR) with spearman correlation coef-
ficient. The predictive value of NSPs for stroke outcome 
was calculated with the receiver operating characteristics 
(ROC) curve. NE and PR3 were respectively cut off by 
the Youden index [31] into dichotomous variables in the 
whole study population and in the subgroup of patients 
received rtPA treatment (Additional file  3: Table  S3). 
Then, we assessed the association of the dichotomous 
NE and PR3 with stroke outcome by multivariate logistic 
regression analysis. We entered baseline clinical variables 
with p < 0.05 (atrial fibrillation, admission NIHSS score, 
onset-to-treatment time, intravenous thrombolysis, 

endovascular treatment, SVO stroke, serum glucose, 
triglyceride, and neutrophil-to-lymphocyte ratio) and 
confounding factors (sex and age) confirmed by previ-
ous studies [32, 33] in the logistic analysis. Cox & Snell 
method was used to calculate the R2. Adjusted odds ratios 
(ORs) and related 95% confidence intervals (CIs) for each 
variable were calculated in the models. The crude ORs 
for NE or PR3 were calculated as well. The performance 
of models with and without NSPs for identifying patients 
with unfavorable functional was calculated from a 2 × 2 
table using sensitivity, specificity, positive and negative 
predictive values, positive and negative likelihood ratios, 
and accuracy (Additional file 3: Table S1).

Accuracy of the predictive models with and without 
NSPs was further compared by calculating the areas 
under the curve (AUC) with the DeLong method [34]. 
We also quantified the improvement of discrimina-
tion and reclassification in the predictive models with 
the addition of NSPs by the integrated discrimination 
improvement (IDI) and categorical or continuous net 
reclassification improvement (NRI) indexes [35]. Regard-
ing choosing the NLR or neutrophil count (for avoiding 
collinearity), we build the model with the NLR or neu-
trophil respectively (Additional file 3: Table S1). We also 
add the infarct size as the neuroimaging parameter into 
the logistic analysis in the subgroup with available infarct 
volume (Additional file 3: Table S5).

Results
Patient characteristics and clinical variables
Between November 2018 to November 2019, 736 con-
secutive patients with acute ischemic stroke were 
screened. A total of 401 patients met the inclusion cri-
teria. Among those, 8 patients were excluded from 
the final analysis because of missing NIHSS scores, 10 
patients for no prestroke mRS, 28 for loss to follow-up, 
and 13 for missing blood plasma results. Finally, 342 
patients were included in the analysis (Fig. 1). Mean ± SD 
age was 64.4 ± 12.9 years, and 89 (26.0%) of the patients 
were female. The median NIHSS score was 6 [IQR 3–12] 
on admission, the median time from stroke onset to 
treatment was 2.9 [1.5–4.8] hours, and mRS 0–1 pre-
stroke accounted for 79.8%. Among the 342 patients, 24 
(7.0%) presented sICH, 27 (7.9%) died, and 222 (64.9%) 
had a favorable outcome (mRS at 3 months ≤ 2 or equal 
to prestroke mRS, Table  1) at 3  months. Among demo-
graphic characteristics, stroke characteristics and treat-
ment, stroke etiology and clinical and laboratory findings 
(Table  1), a lower proportion of atrial fibrillation (12.6 
vs 21.7%, p = 0.042, for patients with a favorable out-
come and an unfavorable outcome, respectively), a lower 
admission NIHSS score (4.0 [2.0–7.0] vs 13.0 [8.0–17.0], 
p < 0.001), less onset-to-treatment time (2.7 [1.4, 4.4] vs 
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Table 1 Baseline characteristics of the whole study population according to the modified Rankin Scale (mRS) at 3 months (n = 342)

Data for continuous variables are described as mean (SD) (normally distributed variables) or as median [interquartile range] (nonnormally distributed variables), for 
categorical variables are described as n (%)

BMI body mass index, CTSG cathepsin G, HbA1c hemoglobinA1c, HDL high density lipoprotein, HYC homocysteine, LDL low density lipoprotein, mRS modified Rankin 
Scale, NE neutrophil elastase, NIHSS NIH Stroke Scale, NLR neutrophil-to-lymphocyte ratio, PR3 proteinase 3, rtPA recombinant tissue plasminogen activator, TC Total 
cholesterol, TG triglyceride, TOAST Trial of ORG 10172 in Acute Stroke Treatment
† p < 0.05
a The favorable outcome was defined as an mRS score ≤ 2 or equal to prestroke mRS and the unfavorable outcome was defined as an mRS score > 2

Total Favorable  outcomea Unfavorable outcome p value
(N = 342) (N = 222) (N = 120)

Demographic characteristics

 Age, y, mean (SD) 64.4 (12.9) 63.6 (12.0) 66.0 (14.3) 0.094

 Female sex (%) 89 (26.0) 57 (64.0) 32 (36.0) 0.944

 BMI, kg/m2, median [IQR] 25.4 [23.5, 27.4] 25.4 [23.3, 27.2] 25.8 [23.7, 27.4] 0.742

Medical history

 Hypertension 229 (67.0) 145 (65.3) 84 (70.0) 0.448

 Diabetes mellitus 122 (35.8) 75 (33.9) 47 (39.2) 0.399

 Hyperlipemia 86 (29.8) 64 (33.5) 22 (22.4) 0.070

 Coronary heart disease 68 (19.9) 39 (17.6) 29 (24.2) 0.188

 Atrial fibrillation 54 (15.8) 28 (12.6) 26 (21.7) 0.042†

 Recurrent stroke 102 (37.1) 63 (35.4) 39 (40.2) 0.502

 Smoking habit 89 (26.0) 64 (28.8) 25 (20.8) 0.121

Stroke characteristics and treatment

 Admission NIHSS score 6.0 [3.0, 12.0] 4.0 [2.0, 7.0] 13.0 [8.0, 17.0] < 0.001†

 mRS 0–1 prestroke 273 (79.8) 187 (68.5) 86 (31.5) 0.416

 Onset-to-treatment time, h 2.9 [1.5, 4.8] 2.7 [1.4, 4.4] 3.2 [1.8, 6.4] 0.020†

 Intravenous thrombolysis 146 (42.7) 105 (47.3) 41 (34.2) 0.026†

 Endovascular treatment 57 (16.7) 25 (11.3) 32 (26.7) < 0.001†

Stroke etiology (TOAST), n (%)

 Large artery atherosclerosis 173 (50.6) 109 (49.1) 64 (53.3) 0.526

 Small vessel occlusion 80 (23.4) 62 (27.9) 18 (15.0) 0.010†

 Cardioembolic 26 (7.6) 14 (6.3) 12 (10.0) 0.310

  Other determined 11 (3.2) 5 (2.3) 6 (5.0) 0.292

  Undetermined 52 (15.2) 32 (14.4) 20 (16.7) 0.692

 Posterior circulation stroke 45 (13.2) 28 (12.6) 17 (14.2) 0.812

Clinical and laboratory findings

 Systolic blood pressure, mmHg 150.0 [140.0, 164.8] 150.0 [140.0, 162.8] 150.0 [140.0, 165.2] 0.693

 Diastolic blood pressure, mmHg 85.5 [77.0, 92.0] 85.0 [77.0, 91.0] 89.0 [78.0, 93.5] 0.223

 Serum glucose, mmol/L 7.2 [5.9, 10.1] 6.8 [5.7, 8.8] 8.4 [6.3, 11.8] 0.002†

 HbA1c, % 6.0 [5.5, 7.3] 5.9 [5.5, 7.1] 6.2 [5.5, 7.4] 0.320

 Neutrophils, ×1000/mm3 5.0 [3.9, 6.6] 4.6 [3.7, 5.9] 6.3 [4.5, 8.0] < 0.001†

 NLR 3.0 [2.0, 5.1] 2.6 [1.8, 4.0] 4.6 [2.7, 7.8] < 0.001†

 Platelet count, ×1000/mm3 207.0 [171.0, 244.8] 209.0 [174.0, 244.0] 201.0 [168.0, 245.0] 0.378

 HYC, μmol/L 14.5 [11.5, 18.3] 14.6 [11.4, 18.4] 14.5 [11.9, 17.1] 0.621

 TG, mmol/L 1.5 [1.0, 2.4] 1.6 [1.0, 2.6] 1.3 [0.8, 1.8] 0.002†

 TC, mmol/L 4.5 [3.8, 5.4] 4.6 [3.9, 5.4] 4.4 [3.7, 5.0] 0.104

 HDL, mmol/L 1.2 [1.0, 1.4] 1.2 [1.0, 1.4] 1.2 [1.0, 1.4] 0.773

 LDL, mmol/L 2.7 [2.1, 3.4] 2.7 [2.0, 3.5] 2.6 [2.1, 3.2] 0.370

Biological measures

 NE, ng/mL 98.0 [58.6, 278.4] 95.2 [55.9, 214.2] 183.0 [80.2, 444.7] < 0.001†

 CTSG, ng/mL 212.4 [199.1, 224.1] 213.6 [199.0, 224.7] 210.4 [200.4, 223.4] 0.603

 PR3, ng/mL 388.9 [366.0, 408.9] 386.3 [362.2, 407.1] 392.1 [378.2, 414.4] < 0.001†
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3.2 [1.8, 6.4], p = 0.020), a higher proportion of intrave-
nous thrombolysis (47.3 vs 34.2%, p = 0.026), a lower 
proportion of endovascular treatment (11.3 vs 26.7%, 
p < 0.001), a higher proportion of small vessel occlusion 
(27.9 vs 15.0%, p = 0.010), a lower serum glucose level 
(6.8 [5.7, 8.8] vs 8.4 [6.3, 11.8], p = 0.002), a lower neu-
trophil count (4.6 [3.7, 5.9] vs 6.3 [4.4, 8.0], p < 0.001), a 
lower neutrophil-to-lymphocyte ratio (NLR) (2.6 [1.8, 
4.0] vs 4.6 [2.7, 7.8], p < 0.001) and a higher triglyceride 
(1.6 [1.0, 2.6] vs 1.3 [0.8, 1.8], p = 0.002) were associated 
with a favorable functional outcome at 3 months.

Relationship between the NSPs plasma concentrations 
and neutrophil counts
Increasing NE plasma concentrations were significantly 
correlated with increasing neutrophil counts (ρ = 0.23, 
p < 0.001) and increasing NLR (ρ = 0.21, p < 0.001) in the 
whole study population. However, CTSG and PR3 plasma 
concentrations were not significantly correlated with cir-
culating neutrophil counts or NLR (Fig. 2).

In the subgroup analysis of patients with different 
stroke etiology, increasing NE plasma concentrations 
were significantly correlated with the increasing circu-
lating neutrophil count in the large artery atheroscle-
rosis stroke (ρ = 0.32, p < 0.001), but not small vessel 
occlusion stroke and cardioembolic stroke; PR3 plasma 
concentrations were negatively correlated with circulat-
ing neutrophil counts in small vessel occlusion stroke 
(ρ = − 0.22, p < 0.05) (Additional file  3: Table  S2). In 
the subgroup analysis of patients with different lesion 

locations, higher NE plasma concentrations were still 
significantly correlated with the increasing circulating 
neutrophil count both in the anterior circulation stroke 
(ρ = 0.17, p = 0.003) and in the posterior circulation 
stroke (ρ = 0.49, p < 0.001).

NE, CTSG, and PR3 levels and acute ischemic stroke 
outcomes
Among the three biological measures, plasma NE con-
centrations (95.2 [55.9, 214.2] vs 183.0 [80.2, 444.7], ng/
mL, p < 0.001) and PR3 concentrations (386.3 [362.2, 
407.1] vs 392.1 [378.2, 414.4], ng/mL, p < 0.001) differed 
significantly between patients with favorable and unfa-
vorable outcomes at 3  months, while CTSG levels did 
not vary significantly (213.6 [199.0, 224.7] vs 210.4 [200.4, 
223.4], ng/mL, p = 0.603) between the two outcomes 
(Table  1). When the mRS at 3  months was analyzed as 
a quantitative scale, mRS was positively correlated with 
the neutrophil counts (ρ = 0.26, p < 0.001), NLR (ρ = 0.28, 
p < 0.001), NE plasma concentrations (ρ = 0.22, p < 0.001), 
and PR3 concentrations (ρ = 0.17, p = 0.002), but the 
correlation was not statistically significant for CTSG 
plasma concentrations (ρ = − 0.08, p = 0.129) (Addi-
tional file 1: Fig. S1). Higher plasma NE levels were also 
associated with the 3-month mortality and risk of sICH, 
higher plasma PR3 levels were as well associated with 
the 3-month mortality but not the risk of sICH. CTSG 
plasma concentrations were not associated with any of 
these stroke outcome measures (Fig. 3).

Fig. 2 Association of plasma concentrations of neutrophil elastase (NE), cathepsin G (CTSG), and proteinase 3 (PR3) with neutrophil counts and 
NLR in the whole study population (n = 342). Data was analyzed by the spearman’s rank correlation, ρ represented the Spearman’s rank correlation 
coefficient. NE# logarithmic transformation of NE plasma concentrations, NLR neutrophil-to-lymphocyte ratio
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Fig. 3 Plasma concentrations of neutrophil elastase (NE), cathepsin G (CTSG), and proteinase 3 (PR3) according to the outcomes (favorable or 
unfavorable outcome at 3 months, 3-month mortality, and sICH) of the whole study population (n = 342). NE# logarithmic transformation of NE 
plasma concentrations, mRS modified Rankin Scale, sICH symptomatic intracerebral hemorrhage. ***p < 0.001; **p < 0.01; *p < 0.05
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NE and PR3 predict the 3‑month functional outcome 
after acute ischemic stroke
A cutoff point for NE of 229.56 ng/mL had 47.5% sensi-
tivity and 77.5% specificity for the prediction of favora-
ble functional outcome at 3  months, a cutoff point for 
PR3 of 388.77  ng/mL had 65.0% sensitivity and 54.5% 
specificity for the prediction of the unfavorable outcome 
at 3  months (Additional file  3: Table  S3), both patients 
with NE plasma concentration > 229.56  ng/mL (22.5 vs 
47.5%, favorable vs unfavorable outcome, p < 0.001) or 
PR3 plasma concentration > 388.77 ng/mL (45.5 vs 65.0%, 
p = 0.001) had a higher incidence of the unfavorable out-
come at 3  months (Additional file  3: Table  S4). Logis-
tic regression analyses conducted confirmed plasma 
NE > 229.56 ng/mL (OR = 4.478 [2.344–8.554], p < 0.001) 

and PR3 > 388.77  ng/mL (OR = 2.805 [1.504–5.231], 
p = 0.001) were predictors of the unfavorable outcome 
at 3  months, together with admission NIHSS score 
(OR = 1.279 [1.196–1.368], p < 0.001), intravenous throm-
bolysis (OR = 0.393 [0.190–0.814], p = 0.012) and endo-
vascular treatment (OR = 0.303 [0.118–0.779], p = 0.013) 
(Table  2). The incremental benefit of NSPs was further 
investigated by calculating the AUC value, the AUC for 
the clinical model was 86.5% and was significantly ele-
vated to 88.9% (p = 0.070) when the NE and PR3 were 
entered into the model. It’s noteworthy that the addition 
of NE and PR3 to the clinical variables also improved the 
integrated discriminatory ability of the present predictive 
model (total IDI % = 8.2 [5.2, 11.2], p < 0.001), as well as 
continuous net reclassification (categorical NRI% = 12.8 

Table 2 Logistic regression analysis and additional predictive value of the model including neutrophil elastase (NE) and proteinase 3 
(PR3) concentrations for patients with unfavorable outcome (mRS > 2) at 3 months in the whole study population (n = 342)

AUC  area under the curve, IDI integrated discrimination improvement, mRS modified Rankin Scale, NE neutrophil elastase, NIHSS NIH Stroke Scale, NRI net 
reclassification improvement, PR3 proteinase 3, ROC receiver operating characteristic curve, SVO small vessel occlusion
† p < 0.05
a The unfavorable outcome was defined as an mRS score > 2
b The clinical model with neutrophil-to-lymphocyte ratio for all patients with acute ischemic stroke

Unfavorable  outcomea

Clinical  modelb Clinical  modelb + NE + PR3

Logistic regression

  R2 (Cox & snell) 0.326 0.385

 Age OR = 1.002 (0.978–1.026), p = 0.893 OR = 1.005 (0.980–1.031), p = 0.686

 Sex (male) OR = 1.495 (0.752–2.973), p = 0.252 OR = 1.789 (0.848–3.775), p = 0.127

 Onset-to-treatment time OR = 1.007 (0.976–1.038), p = 0.678 OR = 1.006 (0.964–1.049), p = 0.795

 Admission NIHSS score OR = 1.252 (1.177–1.331), p < 0.001† OR = 1.279 (1.196–1.368), p < 0.001†

 Atrial fibrillation OR = 0.916 (0.327–2.568), p = 0.868 OR = 0.873 (0.272–2.809), p = 0.820

 Intravenous thrombolysis OR = 0.416 (0.210–0.825), p = 0.012† OR = 0.393 (0.190–0.814), p = 0.012†

 Endovascular treatment OR = 0.368 (0.155–0.877), p = 0.024† OR = 0.303 (0.118–0.779), p = 0.013†

 SVO stroke OR = 2.184 (0.618–7.718), p = 0.225 OR = 2.145 (0.538–8.554), p = 0.280

 Serum glucose OR = 1.074 (0.989–1.167), p = 0.090 OR = 1.074 (0.979–1.178), p = 0.129

 Triglyceride OR = 1.176 (0.984–1.404), p = 0.074 OR = 1.133 (0.920–1.397), p = 0.241

 Neutrophil-to-lymphocyte ratio OR = 1.080 (1.006–1.160), p = 0.034† OR = 1.072 (0.991–1.159), p = 0.084

 Neutrophil elastase > 229.56 ng/mL – OR = 4.478 (2.344–8.554), p < 0.001†

 Proteinase 3 > 388.77 ng/mL – OR = 2.805 (1.504–5.231), p = 0.001†

ROC curve

 AUC, % 86.5 88.9

 p Value Ref. 0.070

IDI index, %

 Total IDI − 8.2 (5.2, 11.2)

 p value Ref. < 0.001

NRI index, %

 Categorical NRI – 12.8 (3.1, 22.6)

 p value Ref. 0.009

 Continuous NRI – 100.0 (80.6, 119.4)

 p value Ref. < 0.001
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[3.1, 22.6], p = 0.009; continuous NRI % = 100.0 [80.6, 
119.4], p < 0.001). Detailed descriptions of logistic regres-
sion models and comparisons between the two predictive 
models were shown in Table 2.

To test the stability of the predictive models with NE 
and PR3, we additionally enter the neuroimaging param-
eter as a covariate. In the subgroup of patients with avail-
able infarct volume (n = 212; 62.0%), after adjusting the 
infarct volume and clinical variables in the logistic regres-
sion for the functional outcome at 3  months, NE levels 
(OR = 4.641 [1.734–12.421], p = 0.002) and PR3 levels 
(OR = 3.747 [1.529–9.186], p = 0.004) still possessed pre-
dictive value (Additional file 3: Table S5).

NE, CTSG, and PR3 levels and outcomes after rtPA 
treatment
NE, CTSG, and PR3 plasma levels did not vary signifi-
cantly between patients eligible for IV-rtPA or not (Addi-
tional file 3: Table S6). Among the patients who received 
IV-rtPA treatment (n = 146), 27 (18.5%) patients received 
bridging therapy. NE, CTSG and PR3 plasma levels did 
not significantly alter between patients received bridg-
ing therapy or not (Additional file 3: Table S7). To analyze 
the association of NSPs with the outcomes of patients 
treated with rtPA, we excluded the patients received 
bridging therapy. Clinical and demographic data for the 
subgroup of patients received rtPA treatment (n = 119) 
were summarized in Additional file 3: Table S8. Favora-
ble functional outcomes at 3 months after receiving rtPA 
treatment accounted for 79.0%. In the subgroup, a lower 
proportion of atrial fibrillation (4.3 vs 32.0%, p < 0.001), 
a lower admission NIHSS score (5.0 [3.0, 6.0] vs 9.0 [5.0, 
11.0], p = 0.001), and a lower serum glucose on admission 
(6.2 [5.2, 7.7] vs 8.0 [6.1, 12.6], p = 0.004) were associated 
with a favorable functional outcome at 3 months. Among 

the three NSPs, higher NE plasma levels (86.7 [52.8, 
199.2] vs 208.6 [69.6, 395.2], p = 0.041) were significantly 
associated with the unfavorable outcomes at 3  months, 
CTSG plasma levels (212.6 [198.4, 223.2] vs 215.0 [203.7, 
223.3], p = 0.320) and PR3 plasma levels (385.6 [365.2, 
404.9] vs 391.7 [378.2, 409.0], p = 0.170) did not differ 
significantly.

Within the first 24  h after rtPA treatment, 24 (21.4%) 
patients achieved early neurological improvement (ENI); 
among the three NSPs, lower PR3 plasma levels (376.6 
[359.6, 391.7] vs 389.0 [366.8, 408.3], ENI vs non-ENI, 
p = 0.040) were associated with the improvement of 
symptoms within 24  h after rtPA treatment (Fig.  4). 
Besides, NE, CTSG, and PR3 plasma levels were not sig-
nificantly associated with the sICH or 3-month mortality 
(Additional file 2: Fig. S2). In this subset, NE plasma con-
centrations were as well significantly correlated with cir-
culating neutrophil counts (ρ = 0.26, p < 0.001) and NLR 
(ρ = 0.22, p < 0.001).

NE predicts the 3‑month functional outcome after rtPA 
treatment
In this subgroup of patients who received rtPA treat-
ment, a cutoff point for NE of 177.22 ng/mL had 56.0% 
sensitivity and 74.5% specificity for the prediction of 
the unfavorable functional outcome at 3  months, a 
cutoff point for PR3 of 388.77  ng/mL had 68.0% sen-
sitivity and 57.4% specificity for the prediction of unfa-
vorable functional outcome at 3  months (Additional 
file  3: Table  S3). Patients with NE > 177.22  ng/mL (23.4 
vs 48.0%, favorable outcome vs unfavorable outcome, 
p < 0.05) or PR3 > 388.77  ng/mL (42.6 vs 68.0%, p < 0.05) 
had a higher incidence of unfavorable outcome at 
3  months (Additional file  3: Table  S9). Logistic regres-
sion analyses conducted in the subgroup confirmed 

Fig. 4 Plasma concentrations of neutrophil elastase (NE), cathepsin G (CTSG), and proteinase 3 (PR3) in different groups according to the 
post-thrombolysis early neurological improvement (ENI) in the subgroup of patients received rtPA treatment (n = 119). NIHSS NIH Stroke Scale
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plasma NE > 177.22  ng/mL (OR = 8.931 [2.330–34.238], 
p = 0.001) and PR3 > 388.77  ng/mL (OR = 4.275 [1.045–
17.491], p = 0.043) were independent predictors of unfa-
vorable outcome at 3  months, together with admission 
NIHSS score (OR = 1.313 [1.108–1.556], p = 0.002), a his-
tory of atrial fibrillation (OR = 18.824 [2.537–139.662], 
p = 0.004), and serum glucose (OR = 1.227 [1.049–1.435], 
p = 0.010). The accuracy of NE and PR3 for predict-
ing outcome after rtPA treatment was assessed by the 
AUC, the clinical model was 84.6% and was lifted to 
89.9% (p = 0.082) when the NE and PR3 were entered in 
the model. What’s more, addition of NE and PR3 to the 
clinical variables improved the integrated discrimina-
tory ability of the present predictive model (IDI % = 18.1 
[7.7, 28.5], p < 0.001), as well as net reclassification (cat-
egorical NRI% = 30.1 [5.3, 55.0], p = 0.017; continuous 
NRI % = 91.8 [51.1, 132.6], p < 0.001). Logistic regression 

models and comparisons between the two predictive 
models were described in detail in Table 3.

Discussion
In the present study, we demonstrate an association 
between plasma NSPs levels and AIS outcomes. Patients 
with increased plasma NE or PR3 levels on admis-
sion are more likely to suffer an unfavorable outcome at 
3  months. Of note, we find that lower PR3 plasma lev-
els pretreatment is associated with the early neurological 
symptom improvement of patients who received IV-rtPA 
treatment, and patients receiving IV-rtPA with increased 
plasma NE or PR3 levels pretreatment are intended 
to have 3-month unfavorable outcomes than patients 
without. Specifically, NE and PR3 plasma levels con-
jointly predict the unfavorable outcomes of AIS patients, 
with an additional 4.478-fold risk to have an unfavora-
ble outcome for plasma NE concentration > 229.56  ng/
mL and an additional 2.805-fold risk for plasma PR3 

Table 3 Logistic regression analysis and additional predictive value of the model including neutrophil elastase (NE) and proteinase 3 
(PR3) concentrations for unfavorable outcome (mRS > 2) at 3 months in patients received IV recombinant tissue plasminogen activator 
(rtPA) treatment (n = 119)

AUC  area under the curve, IDI integrated discrimination improvement, mRS modified Rankin Scale, NE neutrophil elastase, NIHSS NIH Stroke Scale, NRI net 
reclassification improvement, PR3 proteinase 3, ROC receiver operating characteristic curve
† p < 0.05
a The unfavorable outcome was defined as an mRS score > 2
b The clinical model for the subgroup of patients received rtPA treatment

Unfavorable  outcomea

Clinical  modelb Clinical  modelb + NE + PR3

Logistic regression

  R2 (Cox & snell) 0.249 0.346

 Age OR = 0.994 (0.939–1.053), p = 0.843 OR = 1.018 (0.959–1.080), p = 0.558

 Sex (male) OR = 2.382 (0.513–11.053), p = 0.268 OR = 3.200 (0.588–17.425), p = 0.179

 Onset-to-treatment time OR = 0.706 (0.447 -1.116), p = 0.137 OR = 0.656 (0.373–1.154), p = 0.144

 Admission NIHSS score OR = 1.208 (1.064–1.371), p = 0.004† OR = 1.313 (1.108–1.556), p = 0.002†

 Atrial fibrillation OR = 11.771 (1.981–69.947), p = 0.007† OR = 18.824 (2.537–139.662), p = 0.004†

 Serum glucose OR = 1.159 (1.015–1.324), p = 0.030† OR = 1.227 (1.049–1.435), p = 0.010†

 Neutrophil-to-lymphocyte ratio OR = 1.097 (0.891–1.349), p = 0.384 OR = 1.118 (0.896–1.395), p = 0.324

 Neutrophil elastase > 177.22 ng/mL Ref. OR = 8.931 (2.330–34.238), p = 0.001†

 Proteinase 3 > 388.77 ng/mL Ref. OR = 4.275 (1.045–17.491), p = 0.043†

ROC curve

 AUC, % 84.6 89.9

 p value Ref. 0.082

IDI index, %

 Total IDI – 18.1 (7.7, 28.5)

 p value Ref. < 0.001

NRI index, %

 Categorical NRI – 30.1 (5.3, 55.0)

 p value Ref. 0.017

 Continuous NRI – 91.8 (51.1, 132.6)

 p value Ref. < 0.001
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concentration > 388.77  ng/mL after adjustment for con-
founders. Particularly, higher NE and PR3 plasma levels 
on admission also predict the 3-month unfavorable func-
tional outcome after rtPA treatment, with an additional 
8.931-fold risk to have an unfavorable functional out-
come for plasma NE concentration > 177.22  ng/mL and 
an additional 4.275-fold risk for plasma PR3 concentra-
tion > 388.77  ng/mL after adjustment for confounders. 
Besides, higher plasma NE and PR3 levels are associated 
with 3-month mortality, and higher plasma NE levels 
are also associated with the risk of sICH after AIS. How-
ever, CTSG is not associated with 3-month functional 
outcome, 3-month mortality, or sICH after AIS. What’s 
more, the addition of NE and PR3 to the clinical mod-
els for predicting the 3-month unfavorable functional 
outcome after AIS and after rtPA treatment strongly 
improves the prediction efficiency.

NSPs (NE, CTSG, and PR3), the earliest formed and 
stored in the cytoplasmic primary (azurophilic) granules, 
are liberated into plasma from activated neutrophils. 
A study reported that serum NE level in AIS patients 
was significantly altered compared to controls [36]. NE 
was also found positive in the ipsilesional brain speci-
mens from patients died after AIS [37]. A recent clini-
cal study enrolled 41 AIS patients and matched healthy 
controls reported that plasma NE levels were signifi-
cantly increased in AIS patients compared to controls, 
and NE levels were associated with stroke severity [10]. 
The knowledge of NE mediates AIS pathophysiology is 
strongly supported by the preclinical findings that genetic 
deletion or pharmacological inhibition of NE lessened 
blood–brain barrier (BBB) disruption, edema, and infarct 
volume in experimental stroke models [22, 38, 39]. 
Besides, NE could determine the long-term behavioral 
recovery from traumatic brain injury [40]. Our findings 
are consistent with the hypotheses from these preclinical 
studies.

PR3 was reported to be a direct modulator of neuro-
inflammation in the experimental stroke model [13]. 
A clinical study reported that serum PR3 level in AIS 
patients was significantly higher than in control sub-
jects [11]. Higher plasma PR3 levels are also found sig-
nificantly associated with AIS patients with unfavorable 
functional outcomes and 3-month mortality and contrib-
ute to the efficiency of the prediction model in our study, 
which to some extent explains the possible role of PR3 
preliminarily outlined in the preclinical study [13]. No 
significant association between CTSG plasma levels and 
stroke severity, as well as outcomes has been shown in 
our study, though the potentially harmful role of CTSG 
in stroke had been indicated by pieces of preclinical find-
ings [14, 41, 42]. Also, there is no statistical correlation 
has been revealed between the plasma CTSG levels and 

the neutrophil counts or NLR in our study. These results 
suggest that CTSG is probably not the main mediator of 
neutrophil’s contribution to stroke outcomes. Alterna-
tively, this can be explained by the possibility that CTSG 
has not timely and fully responded to the DAMPs sig-
nals and degranulated from the neutrophils in the acute 
period of IS, for the cutoff time point in our study is the 
first 24 h after symptom onset.

NE partially participated in NETosis and was one com-
ponent of the NETs [21, 37], which resulted in resistance 
to thrombolysis. Furthermore, a retrospective study that 
included 85 patients with anterior circulation stroke 
treated with thrombectomy found that higher amounts of 
NE-positive cells within the thrombi were independently 
associated with lower rates of complete recanalization 
[43]. Here, our findings are partially in line with it, and 
we observe that higher NE plasma levels pre-rtPA treat-
ment independently predict the unfavorable functional 
outcome at 3  months with adjusting for cofounders. 
Plasma PR3 levels are associated with early neurological 
symptom improvement and predict the 3-month func-
tional outcome. Though possible roles of CTSG in cou-
pling coagulation and innate immunity have been shown 
in preclinical studies [44], no significant correlation 
between CTSG plasma concentrations and long-term 
outcomes has been observed in our study. Admission 
plasma NE and PR3 levels may thus be considered as the 
possible forerunners among the three NSPs in predict-
ing the 3-month functional outcome of patients receiving 
rtPA treatment.

Consistent with the previous studies [10, 45, 46], we 
observe that neutrophil counts and NLR are associated 
with the stroke outcomes in our study. Whether NSPs 
contribute to the causal association between neutro-
phils and AIS outcomes? Among the three NSPs, we find 
that NE plasma concentrations are positively correlated 
with the circulating neutrophil counts in the whole study 
population and in the subgroup correlation analysis. 
A previous study reported that plasma NE was a valid 
inflammation marker and could be used as a parameter 
for the activity of neutrophils during the inflammatory 
response in IS [47]. The knowledge of NE mediating AIS 
pathophysiology is also strongly supported by the pre-
clinical findings in experimental stroke mice [22, 37–39]. 
We observe higher plasma NE levels are significantly 
associated with sICH, mortality, and an unfavorable out-
come at 3  months in AIS patients. These observations 
suggest that NE is probably an important mediator of the 
effects of neutrophils on stroke outcomes, which needs 
further studies.

Using predictive biomarkers associated with stroke 
outcomes early after stroke may help with risk strati-
fication for stroke prognosis [5]; especially, predictive 
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biomarkers would contribute to identifying potential 
treatment benefits in early clinical trials with low volume. 
Some neutrophils-associated prognostic markers in AIS, 
including MPO [48], MMP9 [48], and calprotectin [49], 
have been reported. MPO and calprotectin, however, are 
widely expressed in the myeloid line, but not exclusively 
in neutrophils. Compared with the two previous stud-
ies [48, 49], the findings of the three NSPs, especially the 
NE, in our study may be better to explain the contribu-
tion of neutrophils to the outcomes of AIS patients. From 
the aspect of the degranulation function of neutrophils, 
our study also adds preliminary evidence that supports 
the harmful role of neutrophils for AIS outcomes after 
rtPA treatment. To figure out the independent effect of 
the NE and PR3 on the outcomes and evaluate the pre-
dictive power of plasma NE and PR3 for the unfavorable 
outcome, we adjust the potential confounders, which also 
needs to be further confirmed by external validation in 
multi-cohorts of AIS patients. In the future, the two NSPs 
may probably aid identifying patients with unfavora-
ble outcomes after AIS in clinical practice. For instance, 
given a higher NE and PR3 level may predict the unfa-
vorable functional outcome of rtPA treatment, an AIS 
patient presentation with a higher NE or PR3 level might 
indicate the possible need for timely endovascular treat-
ments and more intensive medical care and treatment.

Together with NE and PR3, we find stroke severity, intra-
venous thrombolysis, and endovascular treatment are also 
independent predictors of the 3-month functional out-
come of all AIS patients in the present study. In the sub-
group of rtPA treatment, together with NE and PR3, stroke 
severity, atrial fibrillation, and admission glucose level 
independently predict the 3-month functional outcome as 
well. These results are consistent with previous literature. 
Of note, a disproportion of gender exists in our study, male 
sex accounts for over two-thirds (253/342) of the whole 
population, which is much higher than generally expected 
[50]. In the present study, we find no difference between 
male and female in the clinical outcome after stroke, and 
gender disproportion does not modify the results, which 
is consistent with several randomized controlled trials 
reporting that sex did not modify treatment effect [51].

The present study should be interpreted in the con-
text of several limitations. Firstly, from the clinical point 
of view, it would be interesting to further determine the 
statistical power of NSPs associated with the outcomes. 
Here, we focus on the 3-month functional outcome 
and test potential predictors for it but not for sICH and 
3-month mortality, due to the relatively low number of 
events (n = 24 and 27, respectively) impeding the reli-
able multivariable modeling. Secondly, though we have 
adjusted multiple potential confounders such as sex, age, 
onset-to-treatment time, stroke severity, atrial fibrillation, 

hyperlipemia, intravenous thrombolysis, endovascular 
treatment, stroke etiology, serum glucose, triglyceride, 
and NLR in the whole cohort, effects of possible residual 
confounding cannot be excluded. Thirdly, the association 
between plasma NSPs levels and outcomes of AIS patients 
as well as patients received rtPA treatment, is prelimi-
narily analyzed in a single stroke center with the limited 
sample size. Finally, the temporal changes of NSPs plasma 
levels after the onset of stroke, and both pre- and pos-
rtPA treatment in AIS warrant further study.

Conclusions
This study demonstrates higher NE and PR3 plasma lev-
els, but not CTSG are associated with worse outcomes 
after AIS. Plasma NE and PR3 possess prognostic signifi-
cance for the 3-month unfavorable functional outcome 
after AIS and possess predictive value to identify patients 
with the 3-month unfavorable functional outcome after 
rtPA treatment. The association between admission 
plasma NSPs levels and AIS outcomes needs to be vali-
dated in multi-cohorts and the statistical power of NSPs 
associated with sICH and 3-month mortality warrants to 
be determined. NE is probably an important mediator of 
the effects of neutrophils on stroke outcomes, which calls 
for further studies.
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