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Background: Nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) is involved in
secondary brain injury after acute intracerebral hemorrhage (ICH). The objective of this study was to determine its ability to predict
early neurological deterioration (END) and 3-month neurological outcome after ICH.

Methods: In this prospective cohort study, serum NLRP3 levels were measured in 128 patients with sICH and 100 healthy controls.
National institute of health stroke scale (NIHSS) scores and hematoma volumes were recorded. Post-ICH END and 3-month poor
outcome (modified Rankin Scale (mRS) scores of 3—6) were documented. The results were assessed using multivariate analysis.
Results: Serum NLRP3 levels in sSICH patients increased significantly as compared to controls (P<0.001). Serum NLRP3 levels were
independently correlated with hematoma volumes ($=0.046; 95% confidence interval (CI), 0.020-0.072; P=0.001) and NIHSS scores
(B=0.071; 95% CI, 0.004-0.139; P=0.039), independently forecasted END (OR=1.268; 95% CI, 0.892—1.801; P=0.036) and poor
prognosis at post-ICH 3 months (OR=1.448; 95% CI, 1.006-2.085; P=0.046), and were predictive of them with areas under receiver
operating characteristic curve at 0.788 (95% CI, 0.706-0.855) and 0.805 (95% CI, 0.725-0.870) separately. Serum NLRP3 levels,
along with the two independent predictors, that are NIHSS scores and hematoma volumes, are combined to establish prediction models
of END and poor prognosis. The models worked well by applying a series of statistical methods.

Conclusion: Increased serum NLRP3 levels after ICH are independently associated with bleeding severity, END and adverse
outcomes of patients, meaning that serum NLRP3 may be a potential prognostic biomarker of sICH.
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Introduction

Spontaneous intracerebral hemorrhage (sICH) is one of the common cerebrovascular diseases, characterized by rapid
progression and high mortality, and nearly half of the patients have neurological dysfunction of varying degrees.' Patients
with an elevated national institute of health stroke scale (NIHSS) scores of >4 points within 24 hours of admission are
usually considered as having early neurological deterioration (END).? Mitochondrial dysfunction, cellular excitotoxicity,
erythrocyte lysis, inflammatory responses and oxidative stress can exacerbate brain tissue damage after sSICH and lead to
END.?® Notably, END, one of the early serious complications of sICH, very often emerges as a contributor to poor
prognosis of patients, and consequently becomes a conventional outcome variable.”® Some biomarkers, such as
dickkopf-1, matrix metalloproteinase-9 and S100B, have gradually attracted the attention of scientists with respect to
anticipation of poor outcome after sSICH.” "

Nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 (NLRP3) is recognized as
an important factor in the inflammatory response, and its over-activation is involved in the development of many
diseases, such as chronic obstructive pulmonary disease, asthma and coronary artery disease.'? '* NLRP3 promotes the
release of inflammatory factors such as interleukin (IL)-1 and IL-18 after the development of acute brain injury diseases
such as ischemic stroke, traumatic brain injury (TBI) and neonatal hypoxic ischemic encephalopathy. This process can
mediate the neuroinflammatory response, exacerbate neurological damage and affect the recovery of neurological
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function.'>™!” Expression of NLRP3 was significantly elevated in the brain tissue of mice with traumatic brain injury, and
inhibition of NLRP3 can effectively improve the neurological function of mice.'® Notably, serum NLRP3 levels in
patients with aneurysmal subarachnoid hemorrhage were closely correlated with the severity of the disease at the time of
patient admission, and higher NLRP3 levels were significantly correlated with delayed cerebral ischemic as well as poor
prognosis.'® These results suggest that NLRP3 may be a potential prognostic predictive biomarker for acute brain injury
disease. In this prospective cohort study, we sought to determine serum NLRP3 levels and further explore its association
with disease severity, END, and neurologic prognosis in patients with sICH.

Materials and Methods

Study Populations

This prospective cohort study was completed from October 2021 to July 2023 at The First People’s Hospital of Linping
District (Hangzhou, China). We consecutively included patients with first-ever sICH. The inclusion criteria were in the
following: (1) acute sICH with clinical manifestation of acute neurologic deficit and confirmation of new brain bleeding
lesions by computed tomography (CT) scan; (2) admission within 24 hours of symptom onset; and (3) non-surgical treatment.
Exclusion criteria were as follows: (1) age <18 years; (2) history of previous neurologic diseases; (3) pregnancies or severe
underlying systemic diseases or malignancies; (4) surgical operation or infection within recent 1 month; (5) incomplete data,
unavailability of blood samples, missed visits or refusal to participate in the study. Individuals, for whom physical examina-
tion, were done at the Physical Examination Center of The First People’s Hospital of Linping District during the same period,
were selected as the control group. The study was conducted in accordance with the principles set forth in the Declaration of
Helsinki, and the study protocol was approved by the Ethics Committee of the First People’s Hospital of Linping District
(N0.2021-045), registered in Chinese Clinical Trial Registry (clinical trial number: ChiCTR2500095785). Written informed
consent forms were completed by the controls themselves and the legal representatives of the patients separately.

Data Acquisitions

Comprehensive and detailed data were collected, including age, sex, previous underlying diseases (hypertension, diabetes
mellitus and hyperlipidemia), smoking and alcohol consumption. Vital signs (systolic arterial pressure and diastolic
arterial pressure) were observed and recorded on admission. Two kinds of time parameters were recorded as follows:
time from symptom onset to admission and time from symptom onset to blood collection. Biochemical parameters, such
as blood leukocytes, blood c-reactive protein (CRP) levels and blood glucose levels, were routinely tested on admission.
Immediately after arrival at the emergency department, a CT scan of the head was performed and hematoma volumes
were calculated according to the ABC/2 method,*® as well as the presence of intraventricular hemorrhage and the
location of the hemorrhage were clarified. Disease severity was assessed using NIHSS scores and hematoma volumes.*'

Immune Analysis

Peripheral venous blood samples were collected from patients with sSICH on admission to the hospital and from healthy
controls during routine physical examinations. To quantify the serum NLRP3 levels, serum samples were obtained by
centrifugation at 3000xg for 10 minutes and subsequently stored in a refrigerator at —80°C for further testing. An
enzyme-linked immunosorbent assay (ELISA) kit (Niulai Biotech, Wuhan, China) was adopted to detect serum NLRP3
levels. The assay range was 35-1400 pg/mL with a sensitivity of 8.75 pg/mL, intra- and inter-plate coefficients of
variation were less than 10%. To ensure accuracy and reliability, all samples were measured twice by the same technician
who was unaware of the patient’s clinical information to ensure unbiased testing and analysis. Using Bland-Altman plots,
there was a good agreement between the double measurements for all participants (Supplementary Figure 1).

Follow-up and Clinical Outcomes
Patients were routinely followed up until the completion of 3 months after sSICH by trained interviewers who were
unaware of baseline characteristics and prognostic factors. Neurologic function at 3 months after stroke was assessed

using the modified Rankin scale (mRS) score. mRS scores of 3—6 indicate a poor outcome.”
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Statistical Analysis

Data were statistically analyzed using the SPSS 26.0 (IBM Corp. Armonk, NY, USA) and MedCalc 9.6.4.0 (MedCalc
Software, Mariakerke, Belgium), and graphs were drawn using the GraphPad Prism 9.0 (GraphPad Software Inc., La
Jolla, CA, USA) and R software (version 4.2.4 https://www.r-project.org). Quantitative data’s normality was evaluated

using the Shapiro—Wilk test test, with normally distributed data expressed as mean + standard deviation and non-
normally distributed data as median (upper and lower quartiles). Qualitative data were presented as counts (percentages).
Comparisons of qualitative data were performed between two groups using the x2 test or Fisher exact test; non-normally
distributed quantitative data, using the Mann—Whitney U-test; and normally distributed quantitative data, using the # test.
Spearman correlation test was done for correlation detection between variables. A multifactorial linear regression model
was developed to reveal variables, which were independently associated with serum NLRP3 levels and mRS scores.
Variables of independent association with the occurrence of END and 3-month prognostic outcome after ICH were
identified by multifactorial logistic regression, and the associated odds ratio (OR) and 95% confidence interval (CI) were
reported. A receiver operating characteristic (ROC) curve was constructed to investigate the predictive ability of serum
NLRP3 levels on the occurrence of END and adverse outcomes in patients with sICH, the area under the curve (AUC)
was estimated, and the Z-tests were applied to compare the AUC. Nomogram models were configured to describe the
predictive ability of serum NLRP3 levels, NIHSS scores, and hematoma volumes on the risk of END and poor outcome.
A calibration curve model was constructed to examine the stability of the predictive model, and a decision curve was
drawn to discover the clinical application value of the predictive model. A two-tailed P <0.05 was taken as statistically
significant difference.

Results

Characteristics of the Study Populations
A total of 159 patients with sICH were initially enrolled. Based on predetermined criteria, 128 patients were finally
included in the study (Supplementary Figure 2). In addition, 100 contemporaneous healthy physical examinees were

recruited as a control group. Significant differences were not found between patients and controls in terms of age, gender,
smoking and alcohol consumption (all P>0.05). While percentages of hypertension, diabetes and hyperlipidemia were
significantly higher in patients than in controls (Supplementary Table 1, all P<0.05).

Correlation Analysis Between Serum NLRP3 Levels and Disease Severity

As shown in Figure 1, serum NLRP3 levels of patients were significantly higher at admission than those of healthy
controls (median: 2.84 ng/mL vs 0.54 ng/mL). By applying the Spearman correlation analysis, serum NLRP3 levels were
significantly correlated with NIHSS scores, hematoma volumes, age, intraventricular hemorrhage, blood glucose levels,
blood leukocyte count, and blood CRP levels (all P<0.05; Supplementary Table 2). There were consistent results as

verified by the univariate linear regression analysis (all P<0.05; Supplementary Table 2). NIHSS scores and hematoma

volumes were firmly affirmed as the two classical indicators for objective assessment of impairments of consciousness
levels as well as severity of hemorrhage. When variables of significant differences in univariate analyses were entered in
the multivariate linear regression model, NIHSS scores (Figure 2A) and hematoma volumes (Figure 2B) remained
independently associated with serum NLRP3 levels (all P<0.05; Table 1).

Correlation Analysis Between mRS Scores and Disease Severity

Neurological functional assessment of patients by the mRS was in application of the current study. A significantly
positive correlation of serum NLRP3 levels was found with mRS scores (P < 0.001; Figure 3A), and the levels were
substantially elevated in order of the scores (P < 0.001; Figure 3B). As shown in Supplementary Table 3, apart from

serum NLRP3 levels, other variables of close pertinence to mRS scores consisted of hematoma volumes, NIHSS scores,
expansion of hemorrhage into intraventricular system, blood glucose levels, blood CRP levels and blood leukocyte count
(all P<0.05). Analogous findings appeared by using the univariate linear regression analysis (all P<0.05; Supplementary
Table 3). In Table 2, with the inclusion of significantly different variables as listed in Supplementary Table 3 in the
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Figure | Change of serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels after spontaneous intracerebral hemorrhage.

Serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels of patients were significantly higher than those of healthy controls
(P<0.001). NLRP3 indicates nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3.
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Figure 2 Correlograms describing relationships between admission serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels
and hemorrhage severity of spontaneous intracerebral hemorrhage. (A) Correlograms illustrating the relationship between admission serum nucleotide-binding oligomer-
ization domain-like receptor family pyrin domain-containing 3 levels and baseline national institute of health stroke scale scores after spontaneous intracerebral hemorrhage.
(B) Correlograms illustrating the relationship between serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels and baseline
hematoma volumes after spontaneous intracerebral hemorrhage. Admission serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3
levels were obviously correlated with hemorrhage severity of spontaneous intracerebral hemorrhage (both P<0.001). NLRP3 denotes nucleotide-binding oligomerization
domain-like receptor family pyrin domain-containing 3.

Abbreviation: NIHSS, national institute of health stroke scale.

multivariate model, NIHSS scores, hematoma volumes and serum NLRP levels were retained to be independently
correlated with post-stroke mRS scores (all P<0.05).

Relationship Between Serum NLRP3 Levels and END After sICH

The sICH patients as enrolled in the study were categorized into END group and non-END group. A collective of 35
patients (27.3%) presented with END. A comparison of baseline characteristics between END and non-END groups was
shown in Supplementary Table 4. Serum NLRP3 levels at admission were significantly higher in patients with END than
in those without (P<0.001; Figure 4). In addition, age, NIHSS scores, hematoma volumes, blood leukocyte count, blood
CRP levels, blood glucose levels, serum NLRP3 levels, and percentage of intraventricular hemorrhage were significantly

higher in patients with END, as compared with those without (Supplementary Table 4, all P<0.05). Results were of

consistence by operating the univariate logistic regression analysis (P<0.05; Table 3). Those factors as confirmed
substantially distinct on univariate analyses were given entry into the multifactorial logistic regression model, and as
a consequence, NIHSS scores, hematoma volumes and serum NLRP3 levels were independently predictive of END
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Table | Correlative Analysis of Serum NLRP3 Levels Using Multivariate
Linear Regression Analysis in Acute Spontaneous Intracerebral

Hemorrhage
Variables B 95% CI VIF | P value
Age (years) 0.008 | —0.012-0.028 | 1.170 0.421
Intraventricular hemorrhage —0.503 | —1.225-0.250 | 1.303 0.189
NIHSS scores 0.071 0.004-0.139 | 2.195 0.039
Hematoma volumes (mL) 0.046 | 0.020-0.072 | 2.287 0.001
Blood CRP levels (mg/mL) 0.005 | —0.034-0.044 | 1.197 0.805
Blood leucocyte count (x10°/L) | 0.024 | —0.069-0.117 | 1.120 0.608
Blood glucose levels (mmol/L) 0.075 | —0.020-0.169 | 1.322 0.120

Abbreviations: NIHSS, national institute of health stroke scale; CRP, C-creation protein; ,
beta; 95% Cl, 95% confidence interval; VIF, variance inflation factor; NLRP3, nucleotide-binding
oligomerization domain-like receptor family pyrin domain-containing 3.

happenings (all P<0.05; Table 3). Moreover, the ROC analysis was in process for elucidating the ability of serum NLRP3
levels to differentiate the possibility of END after sSICH. The AUC of serum NLRP3 levels was presented as 0.788 (95%
CI 0.706-0.855). About 3.02 ng/mL was identified as a cutoff value of serum NLRP3 levels to serve as the optimal
threshold for the prognostication of END, thereby generating a sensitivity value of 69.1% and a specificity value of
83.6% (Figure 5A). Also, within the context of ROC analysis, the AUCs of the NIHSS scores and hematoma volumes
were 0.792 (95% CI, 0.711-0.859) and 0.799 (95% CI 0.719-0.865) separately (Figure 5B), which, relative to serum
NLRP3 levels, had numerically higher predictive value (P=0.918 and 0.084 successively). In Figure 5B, the prognostic
discriminatory power of serum NLRP3 levels combined with NIHSS scores and hematoma volumes (AUC=0.872; 95%
CI 0.801-0.924) was significantly higher than serum NLRP3 levels (P=0.034), NIHSS scores (P=0.024), and hematoma
volume alone (P=0.035).

As shown in Supplementary Figure 3, serum NLRP3 levels, NIHSS scores, and hematoma volumes were forced into

the nomogram model to predict the associated risk. The points corresponding to the above three variables were summed
to calculate the total number of points, and different points corresponded to different survival probabilities, which were
0.1=59.0, 0.3=99.2, 0.5=124.4, 0.7=149.6, and 0.9=189.8, respectively. In addition, the model was stable in the frame-
work of the calibration curve assessment (Supplementary Figure 4), and decision curves were established, suggesting that

the model may have a high clinical validity (Supplementary Figure 5).
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Figure 3 Boxplot and correlogram describing relationships between serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels
and 3-month modified Rankin scale scores of spontaneous intracerebral hemorrhage. (A) Correlogram illustrating the relationship between serum nucleotide-binding
oligomerization domain-like receptor family pyrin domain-containing 3 levels and 3-month modified Rankin scale scores after spontaneous intracerebral hemorrhage. (B)
Boxplot illustrating admission serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels among patients with different 3-month
modified Rankin scale scores after spontaneous intracerebral hemorrhage. Admission serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-
containing 3 levels were extremely pertinent to 3-month modified Rankin scale scores of spontaneous intracerebral hemorrhage (both P<0.001). NLRP3 denotes
nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3.

Abbreviation: mRS, modified Rankin scale.
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Table 2 Correlative Analysis of Modified Rankin Scores Using
Multivariate Linear Regression Analysis in Acute Spontaneous
Intracerebral Hemorrhage

Variables B 95% CI VIF | P value
Age (years) 0.007 | —0.011-0.026 | 1.177 0.429
Intraventricular hemorrhage 0.237 | —0.460-0.934 | 1.322 0.503
NIHSS scores 0.064 | 0.001-0.128 | 2.275 0.046
Hematoma volumes (mL) 0.037 | 0.012-0.062 | 2.525 0.004
Blood CRP levels (mg/mL) —0.003 | —0.039-0.032 | 1.198 0.853
Blood leucocyte count (x10°/L) | 0.022 | —0.063-0.108 | 1.123 0.608
Blood glucose levels (mmol/L) 0.007 | —0.081-0.094 | 1.349 0.883
Serum NLRP3 levels (ng/mL) 0.171 0.005-0.338 | 1.646 0.043

Abbreviations: NIHSS, national institute of health stroke scale; CRP, C-creation protein; 3,
beta; 95% Cl, 95% confidence interval; NLRP3, nucleotide-binding oligomerization domain-like
receptor family pyrin domain-containing 3; VIF, variance inflation factor.

Relationship Between Serum NLRP3 Levels and 3-month Clinical Outcome After
sICH

A total of 44 cases (34.4%) had a poor outcome at 3 months after stroke. Serum NLRP3 levels were significantly higher
in patients with poor outcome than in those with good outcome (P<0.001; Figure 6). Supplementary Table 5 shows that

the NIHSS scores, hematoma volumes, intraventricular hemorrhage, blood glucose levels, blood leukocyte count, blood
CRP levels, and serum NLRP3 levels of patients with poor outcome were significantly different from those of patients
with good outcome (all P<0.05). As demonstrated via univariate logistic regression analysis, the preceding distinctions
were still existent (P<0.05; Table 4). By consolidating those variables of significant disparity into the multifactorial
logistic regression model, the independent predictors of poor outcome were serum NLRP3 levels, alongside with NIHSS
scores and hematoma volumes (all P<0.05; Table 4). Alternatively, there was the operation of the ROC analysis for
deciphering the capability of serum NLRP3 levels to distinguishing poor outcome at 3 months after SICH. The AUC of
serum NLRP3 levels was yielded at 0.805 (95% CI 0.725-0.870). By utilization of the Youden method, serum NLRP3
levels were chosen at 3.10 ng/mL, which acted as the optimal threshold for the anticipation of poor outcome at 3 months
after stroke with a sensitivity of 75.0% and a specificity of 77.4% (Figure 7A). Additionally, via employment of the ROC
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Figure 4 Boxplot illustrating baseline serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels between patients with early
neurological deterioration and those without after spontaneous intracerebral hemorrhage. Baseline serum nucleotide-binding oligomerization domain-like receptor family
pyrin domain-containing 3 levels were substantially higher in patients with early neurological deterioration than in those without in patients with spontaneous intracerebral
hemorrhage (P<0.001). NLRP3 denotes nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3.

Abbreviation: END, early neurological deterioration.
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Table 3 Univariate and Multivariate Logistic Regression Analysis of Predictors for Early Neurological
Deterioration After Spontaneous Intracerebral Hemorrhage

Variables Univariate Analysis Multivariate Analysis
Odds Ratio (95% CI) | P value | Odds Ratio (95% CI) | P value

Age (years) 1.035 (1.001-1.070) 0.034 1.000 (0.962—1.040) 0.982
Gender (male/female) 1.676 (0.766—-3.669) 0.196 - -
Hypertension 1.442 (0.631-3.292) 0.385 - -
Diabetes mellitus 2.257 (0.893-5.708) 0.085 - -
Hyperlipidemia 0.580 (0.227-1.485) 0.256 - -
Current smoking 1.667 (0.680—4.082) 0.264 - -
Alcohol consumption 1.395 (0.593-3.280) 0.446 - -
Admission time (h) 0.995 (0.925-1.070) 0.893 - -
Blood-collection time (h) 0.989 (0.921-1.062) 0.755 - -
Intraventricular hemorrhage 4.870 (1.761-13.467) 0.002 1.977 (0.534-7.316) 0.307
Superficial cerebral hemorrhage | 1.016 (0.402-2.566) 0.973 - -
Basal ganglia hemorrhage 1.118 (0.502-2.492) 0.785 - -
Subtentorial hemorrhage 0.802 (0.270-2.384) 0.691 - -
NIHSS scores 1.275 (1.149-1.414) <0.001 1211 (1.065-1.378) 0.042
Hematoma volume (mL) 1.094 (1.055-1.134) <0.001 1.053 (1.013-1.115) 0.032
Blood CRP levels (mg/mL) 1.065 (1.005—1.128) 0.032 1.011 (0.939-1.089) 0.774
Blood leucocyte count (x107/L) 1.230 (1.058-1.431) 0.007 1.154 (0.958-1.390) 0.131
Blood glucose levels (mmol/L) 1.190 (1.041-1.359) 0.011 0.962 (0.801-1.155) 0.679
Blood potassium levels (mmol/L) | 1.315 (0.560-3.088) 0.530 - -
Serum NLRP3 levels (ng/mL) 1.702 (1.306-2.218) <0.001 1.268 (0.892-1.801) 0.036

Abbreviations: NIHSS, national institute of health stroke scale; CRP, C-creation protein; 95% Cl, 95% confidence interval; CRP,
C-creation protein; NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3.

analysis for analyzing predictive powers of the NIHSS scores and hematoma volumes, their AUCs were 0.823 (95% CI,
0.745-0.884) and 0.823 (95% CI, 0.745-0.885) successively (Figure 7B), which was higher as opposed to that of the
serum NLRP3 levels, but these sorts of differences did not reach a significant state (P=0.677 and P=0.740). Subsequently,
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Figure 5 Receiver operating characteristic curve displaying relationship between admission serum nucleotide-binding oligomerization domain-like receptor family pyrin
domain-containing 3 levels and the presence of early neurologic deterioration after spontaneous intracerebral hemorrhage. (A) Receiver operating characteristic curve for
admission serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels to predict early neurological deterioration after
spontaneous intracerebral hemorrhage. (B) Receiver operating characteristic curve for admission serum nucleotide-binding oligomerization domain-like receptor family
pyrin domain-containing 3 levels, baseline national institute of health stroke scale scores, baseline hematoma volumes and the combination model to predict early
neurological deterioration after spontaneous intracerebral hemorrhage.Serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3
levels occupied effective predictive ability for early neurological deterioration after hemorrhagic stroke. NLRP3 means nucleotide-binding oligomerization domain-like
receptor family pyrin domain-containing 3.
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Figure 6 Boxplot illustrating baseline serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels between patients with poor
outcome and good outcome after spontaneous intracerebral hemorrhage. Baseline serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-
containing 3 levels were substantially higher in patients with poor outcome than in those with good outcome after spontaneous intracerebral hemorrhage (P<0.001). NLRP3
denotes nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3.

a combined binary logistic regression model was built by adding serum NLRP3 levels, NIHSS scores and hematoma
volumes. As for predicting 3-month poor outcome after stroke, this model exhibited significantly higher power
(AUC=0.887; 95% CI 0.820-0.936) than serum NLRP3 levels (P=0.019), NIHSS scores (P=0.018) and hematoma
volumes (P=0.039) alone (Figure 7B).

Table 4 Univariate and Multivariate Logistic Regression Analysis of Predictors for 3-month Poor
Prognosis After Spontaneous Intracerebral Hemorrhage

Variables Univariate Analysis Multivariate Analysis
Odds Ratio (95% CI) | P value | Odds Ratio (95% CI) | P value

Age (years) 1.047 (1.013-1.081) 0.006 1.009 (0.968-1.052) 0.678
Gender (male/female) 1.873 (0.894-3.921) 0.096 - -
Hypertension 1.703 (0.781-3.714) 0.181 - -
Diabetes mellitus 1.821 (0.738-4.491) 0.193 - -
Hyperlipidemia 1.655 (0.743-3.685) 0.217 - -
Current smoking 1.314 (0.553-3.121) 0.537 - -
Alcohol consumption 0.735 (0.315-1.719) 0.478 - -
Admission time (h) 0.984 (0.918-1.054) 0.640 - -
Blood-collection time (h) 0.980 (0.917-1.048) 0.563 - -
Intraventricular hemorrhage 10.345 (3.173-33.731) | <0.001 3.506 (0.759-16.195) 0.108
Superficial cerebral hemorrhage | 1.222 (0.518-2.884) 0.647 - -
Basal ganglia hemorrhage 0.667 (0.317—1.401) 0.284 - -
Subtentorial hemorrhage 1.543 (0.594-4.005) 0.373 - -
NIHSS scores 1.347 (1.202-1.509) <0.001 I.131 (0.983-1.301) 0.035
Hematoma volumes (mL) 1.124 (1.077-1.173) <0.001 1.048 (0.997-1.103) 0.036
Blood CRP levels (mg/mL) I.113 (1.048-1.183) 0.001 1.069 (0.988-1.156) 0.097
Blood leucocyte count (x10°/L) | 1.162 (1.011-1.336) 0.035 1.085 (0.890-1.323) 0.422
Blood glucose levels (mmol/L) 1.291 (1.123-1.483) <0.001 1.033 (0.851-1.255) 0.740
Blood potassium levels (mmol/L) | 1.578 (0.701-3.550) 0.270 - -
Serum NLRP3 levels (ng/mL) 2.040 (1.494-2.786) <0.001 1.448 (1.006-2.085) 0.046

Abbreviations: NIHSS, national institute of health stroke scale; CRP, C-creation protein; 95% Cl, 95% confidence interval;
NLRP3, nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3.
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Figure 7 Receiver operating characteristic curve showing relationship between admission serum nucleotide-binding oligomerization domain-like receptor family pyrin
domain-containing 3 levels and the presence of poor outcome after spontaneous intracerebral hemorrhage. (A) Receiver operating characteristic curve for admission serum
nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels to predict poor outcome after spontaneous intracerebral hemorrhage. (B)
Receiver operating characteristic curve for admission serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 levels, baseline
national institute of health stroke scale scores, baseline hematoma volumes and the combination model to predict poor outcome after spontaneous intracerebral
hemorrhage.Serum nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3 exhibited markedly high prognostic predictive ability in
humans with acute intracerebral hemorrhage. NLRP3 denotes nucleotide-binding oligomerization domain-like receptor family pyrin domain-containing 3.

As shown in Supplementary Figure 6, serum NLRP3 levels, NIHSS scores and hematoma volumes were integral to

establish a combined model as graphically shown in the nomogram in order to judge the associated risk. The points
relative to the above three variables were added up to produce the total points, and different aggregate scores mirrored
variable survival possibility, which were 0.1=59.4, 0.3=88.8, 0.5=107.3, 0.7=125.8 and 0.9=155.3 separately.
Simultaneously, the model was of satisfactorily stability in the context of the calibration curve assessment
(Supplementary Figure 7) and was of rather clinical benefit in the help of decision curve analysis (Supplementary

Figure 8).

Discussion

sICH appears as a serious cerebrovascular disease of severe effects on people’s health. Acknowledgedly, NIHSS scores
and hematoma volumes are in frequent utilization of clinical work of severity assessment and prognosis prediction, and
their high applicabilities have been validated in numerous studies.”> NLRP3 has been confirmatory as a firm association
with neuroinflammatory responses after acute brain injury diseases; however, clinical data are scarce regarding post-sICH
serum NLRP3 levels.>* Serum NLRP3 levels were determined in this cohort of patients subsequent to sSICH, with further
exploration of its relation to severity, END occurrence and long-term neurologic outcome of patients. The chief results
are that (1) serum NLRP3 levels of patients with SICH were significantly higher at admission compared with those of
healthy controls; (2) patients’ serum NLRP3 levels were significantly positively correlated with hematoma volume and
NIHSS scores; (3) serum NLRP3 levels significantly differentiated between patients at risk of END or poor outcome and
the other remainders; (4) serum NLRP3 may be an independent predictor of the development of END and 3-month poor
outcome following ICH. Overall, all the preceding data point to the notion that serum NLRP3 may hold a promise to
become a use prognostic biomarker of sICH.

NLRP3, as one of the cores of the inflammatory response, plays a key role in the pathogenesis and development of
inflammatory and immune responsive illnesses, and its overactivation is involved in the development of a variety of
diseases.”>® In immune diseases, the pyrin domain of NLRP3 can interact with the pyrin domain of apoptosis-associated
speck-like protein to initiate the assembly of inflammasome.?’ This interaction is one of the important ways that NLRP3
participates in the immune response. In some cases, reduced or absent NLRP3 activity can lead to an inadequate immune
response, which increases the risk of infection.”®* It has been found that when injury occurs, NLRP3 undergoes
conformational changes and regulates the activation of caspase-1 to promote the maturation, secretion, and release of
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precursor IL-1B and precursor IL-18, which mediate neuroinflammatory responses, exacerbate neurological impairments,
and affect the recovery of neurological function.’® Thus, NLRP can be an activator of immune and inflammation in the
whole body.

Reportedly, the expressions of NLRP3 inflammatory vesicles in glial cells were significantly increased in brain tissues
of ICH mice, and it may be involved in the processes of secondary brain injury after ICH through mediating cellular
pyroptosis pathway.>’ Moreover, NLRP3 RNAi markedly attenuated inflammation and brain damage after ICH and
revealed that NLRP3 RNAi-encoded recombinant adenovirus may have potential value as an anti-inflammatory treatment
for ICH.*? In the TBI mouse model, NLRP3 expression was elevated in mouse brain tissues. Moreover, NLRP3-
knockout mice had significantly less severe brain injury and lighter inflammatory mediators in brain lysates, and
preserved more cognitive functions compared to wild-type mice. In addition, the application of NLRP3 inhibitors
effectively improved the neurological function of TBI mice.*® Therefore, upregulation of NLRP3 expressions in brain
tissues after acute brain injury diseases may lead to disruption of the blood-brain barrier, brain edema worsening and
even neuronal death, thus aggravating brain tissue injury.***> On the contrary, inhibition of NLRP3 activity may suppress
neuroinflammation in animals with acute brain injury, thereby improving neurological function.*® In summary, NLRP3
may be a potential therapeutic target for acute brain injury diseases.

In a clinical study of aneurysmal subarachnoid hemorrhage, patients with delayed cerebral ischemia had significantly
higher serum NLRP3 levels than those without delayed cerebral ischemia, and patients with a poor prognosis had higher
serum NLRP3 levels; furthermore, serum NLRP3 levels were correlated with Glasgow coma scale scores, modified
Rankin scores, Hunt-Hess grades, and World Federation of Neurosurgical Societies grades.'® Interestingly, serum NLRP3
concentrations were significantly higher in patients with malignant brain edema secondary to acute ischemic stroke than
in those with nonmalignant brain edema and showed a significantly positive correlation with NIHSS score.’” In a study
of 270 patients with TBI, serum NLRP3 levels were significantly elevated in the early phase of the disease and were
strongly correlated with the prognosis of the patients, and there was also a significant difference in cerebrospinal fluid
NLRP3 levels between patients with good and poor prognosis.>® The results of these three clinical studies are firmly
suggestive of conception that NLRP3 may be a potential prognostic predictive biomarker of patients with acute brain
injury diseases.

The mRS is preferably applied for neurological assessment.>® END is only an adverse event, which is very frequently
regarded as an outcome variable of interest.***! In this prospective cohort study including 128 patients with sICH, serum
NLRP3 levels were significantly elevated in patients after sSICH. We explored the relationships between serum NLRP3
levels, disease severity and mRS score at 3 months after stroke with investigation of each outcome variable’s associative
factors by the multivariate analysis and found that serum NLRP3 levels were independently associated with NIHSS score
and hematoma volume, and mRS score was independently associated with NIHSS score, hematoma volume, and serum
NLRP3 levels. In addition, all results are based on the statistical analysis, showing differences in serum NLRP3 levels as
statistical significance of P <0.001 between the two subgroups formed in accordance with END or poor prognosis. Thus,
the clinical values of serum NLRP3 levels are existent, as verified by areas under ROC curve of 0.788 and 0.805 for
predicting END and poor prognosis, respectively. In this cohort, some conventional confounding variables, such as
hypertension, diabetes mellitus, hyperlipidemia and so forth, were gathered.**** By establishing the binary logistic
regression models, serum NLRP3 levels were of revelation as an independent association with END and 3-month adverse
outcomes in patients with sICH. Therefore, we concluded that serum NLRP3 level may be closely associated with
disease severity in sICH and can effectively predict END and poor prognosis with similar predictive ability as NIHSS
score and hematoma volume. Subsequent nomogram models, calibration curves, and decision curves validated the
predictive ability and value of the models. Statistically, serum NLRP3 levels were effective in differentiating the risk
of occurrence of both END and adverse outcome after sSICH. Thus, our study provides further evidence to support the
view that serum NLRP3 may be a potential biochemical variable for assessing the severity of sICH and predicting
clinical outcomes.

There are several limitations in this study. First, this was a single-center study that included more than 100 patients
with sICH, and a validation of conclusions is necessary based on a multicenter large-sample study. Second, we detected
serum NLRP3 levels only at the admission time of patients, and accordingly measurements of serum NLRP3 levels at
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multiple time points will be of more significance to aid in revelation of the temporal trend of serum NLRP3 levels after
sICH, thereby providing support for clinical treatments. Third, controls in our study were not diseased of hypertension,
diabetes and hyperlipidemia, while patients did not present with such conditions. This imbalance may affect serum
NLRP3 levels, leading to inconsistency of results. However, to the best of our knowledge, no literature has shown that
these chronic sicknesses could influence serum NLRP3 levels. Hence, to some extent, it is reliable of our result that
serum NLRP3 levels may be significantly elevated after ICH. Undoubtedly, a supplementation of another control group
with such chronic diseases is a better choice. Fourth, considering that NLRP3 is one of the markers of inflammasomes,*”
its specific mechanisms in secondary brain injury post-sICH should be further studied so as to aid in exploration of a new
therapeutic agent of sSICH. Last, it is unclear about superiority of serum NLRP3 in terms of predicting poor prognosis of
sICH when compared with other prognostic factors, including other immune factors and inflammatory markers, and
therefore, it may be a good job that more biomarkers are all together measured in future to assess their prognostic values.

Conclusion

By applying multivariate analysis, elevated serum NLRP3 levels are strongly related to disease severity, END and poor
prognosis after sSICH in this prospective cohort study, and serum NLRP3 levels display effective prognostic predictive
ability under ROC curve, signifying that serum NLRP3 levels may have the potential to become a prognostic biomarker
of clinical value in sICH.
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