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Background: NADPH oxidase 4 (NOX4) may play a critical role for inducing oxidative stress and inflammation after spontaneous
intracerebral hemorrhage (sSICH). This study was performed to assess associations of serum NOX4 levels with sICH severity, early
neurological deterioration (END) and neurological outcomes.

Methods: In this prospective cohort study, serum of 161 sICH patients and 161 controls were collected for quantifying NOX4 levels.
END was defined as a decrease of >2 points in Glasgow coma scale (GCS) score within 24 hours of admission. Poor outcome was
referred to as Glasgow Outcome Scale (GOS) scores of 1-3 at 90 days post-stroke.

Results: As compared to controls, a significant increase in serum NOX4 levels was observed among patients. NOX4 levels were
independently associated with GCS scores and hematoma volumes (all P<0.05). The levels were significantly higher in patients with
END than in those without, and in patients with poor outcome than in those with good outcome, as well as independently predicted
both END (OR=3.166, 95% CI 1.237-8.105, P=0.016) and 90-day poor prognosis (OR=3.031, 95% CI 1.111-8.269, P=0.030). Serum
NOX4 significantly differentiated patients at risk of END (area under ROC curve (AUC), 0.768; 95% confidence interval (CI),
0.695-0.831) and poor prognosis (AUC, 0.777; 95% CI, 0.705-0.839), which had similar prognostic ability, as compared to GCS
scores and hematoma volumes (all P>0.05).

Conclusion: Elevated serum NOX4 levels during the early period of sICH are closely related to stroke severity, END and poor
neurological outcome. Hypothetically, serum NOX4 may serve as a potential prognostic biomarker in sICH.
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Introduction

Spontaneous intracerebral hemorrhage (sICH) represents a notable subtype of stroke characterized by a high disability
and lethality, and constitutes approximately 15% of all stroke cases.' Early neurologic deterioration (END) is one of the
common complications in the early stage of the disease in patients with sSICH.? Thus, END prediction holds paramount
importance for optimizing clinical management strategies in sSICH cases.” In recent years, concerted research efforts have

aimed at identifying biomarkers associated with brain injury following sICH. These endeavors seek to fulfill multiple
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objectives, including accurate assessment of hemorrhage severity, early prediction of END, quick identification of poor
prognosis, and effective guidance of clinical interventions.

The nicotinamide adenine dinucleotide phosphate (NADPH) oxidase family stands out as a prominent source of
reactive oxygen species (ROS) within the central nervous system.* Among its isoforms, NADPH oxidase 4 (NOX4)
holds particular importance, boasting high expression levels in the central nervous system, particularly in cerebrovascular
and brain tissues. This characteristic has garnered increasing attention from researchers, who recognize NOX4 as
a pivotal contributor to ROS production following brain injury.” The imbalance between ROS generation and elimination
within the organism precipitates excessive ROS accumulation, thereby triggering oxidative stress and exacerbating tissue
damage. Reportedly, there was a notable elevation in NOX4 expressions within brain tissues of rats after ICH.® Similarly,
following ischemic stroke, heightened NOX4 expressions have been observed in neurons and endothelial cells, coincid-
ing with increased neuronal apoptosis.” Furthermore, after traumatic brain injury, both NOX4 mRNA and protein
expressions show significant upregulation in the damaged cerebral cortices, with parallel findings in peripheral blood
samples.® Overall, we hypothesized that NOX4 may be a potential biomarker for acute brain injury diseases. And this
study was aimed to determine whether serum NOX4 levels are associated with hemorrhage severity, END and poor
outcomes at 90 days after sICH.

Materials and Methods
Study Design and Populations

This prospective observational cohort study was conducted according to the STROBE statement. Here, we recruited
patients admitted between August 2020 and May 2022, who presented with a first diagnosis of sICH. All enrolled
patients were required to be admitted to the hospital within 24 hours of symptom onset and be aged 18 years or older, and
undergo non-surgical treatments.

Our study excluded patients based on the following criteria: (1) the presence of previous brain-injurious diseases,
such as intracerebral hemorrhage, aneurysmal subarachnoid hemorrhage, severe craniocerebral trauma, and cerebral
infarction; (2) a history of previous neurological diseases, such as Parkinson’s disease, Alzheimer’s disease, multiple
sclerosis, and craniocerebral tumors; and (3) secondary intracerebral hemorrhages, such as ruptured intracranial aneur-
ysms, craniocerebral trauma, arteriovenous malformations and ICH caused by post-infarction hemorrhagic transforma-
tion; (4) other specific conditions, such as severe systemic diseases (uremia, heart failure, cirrhosis, etc), pregnancies,
infections in the last month, and surgeries; (5) refusal to participate in the study; (6) unavailable blood samples,
incomplete information or loss to follow-up. The healthy controls group was prospectively recruited in the physical
examination center of Lishui People’s Hospital during the same period. Some controls were excluded based on the
following criteria: (1) age <18 years; (2) the presence of previous underlying diseases such as hypertension, diabetes
mellitus, hyperlipidemia, coronary artery disease, cirrhosis, and heart failure; (3) a history of previous neurological
disorders; (4) malignant neoplasms; (5) pregnancies; and (6) infections in the last month, and surgeries.

This study is completed based on the principles of the Declaration of Helsinki and local ethical laws, and its protocol
was approved by the Ethics Committee at the Affiliated Hangzhou First People’s Hospital, Westlake University School of
Medicine (Opinion No: Medical Ethics Review No. 058-01) and Lishui People’s Hospital (Opinion No: Medical Ethics
Review No. 2020-001). Because patients with sICH were at state of consciousness disturbances or fluctuations, their
legal representatives were informed of study details and authorized to sign written informed consent forms. And controls
themselves provided written informed consent for willingness to participate in this study.

Data Collection and Clinical Assessment

We comprehensively collected patient data, including age, gender, smoking status, alcohol consumption habits, and
previous underlying diseases such as hypertension, diabetes, hyperlipidemia, etc. Additionally, we recorded the time
intervals from stroke onset to hospital admission and from stroke onset to blood-sampling collection. Vital signs upon
admission, Glasgow Coma Scale (GCS) scores at admission, imaging data, and laboratory findings were also meticu-
lously documented. Noteworthily, GCS scores and hematoma volumes are believably accepted as a conventional severity
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indicator of sICH.” Upon arrival at emergency department, GCS scores were recorded and a head CT scan was
performed, and hematoma volumes were calculated according to the ABC/2 method.'” END is defined as a decrease
of >2 points in GCS score within post-admission 24 hours.'" Glasgow Outcome Scale (GOS) scores were utilized to
evaluate the neurological prognosis of patients at 90 days post-stroke.'” Functional assessment was completed via
telephone by the trained personnel. GOS scores ranging from 1 to 3 was classified as indicating poor outcomes, while

scores of 4 to 5 signified good outcomes. '

Immune Analysis

Venous blood samples from patients were collected upon admission to the hospital, while those from healthy controls
were obtained during routine physical examinations. Biochemical data, such as blood leukocyte counts, blood C-reactive
protein (CRP) levels, blood glucose levels, etc., were routinely tested at admission. Subsequently, for determinations of
serum NOX4 levels, blood samples underwent centrifugation at 3000 xg for 15 minutes. The resulting serum samples
were then stored at —80°C for subsequent testing. Serum NOX4 levels were measured using enzyme-linked immuno-
sorbent assay. This kit was purchased from Shanghai FANKEL Industrial Co., Ltd (Shanghai, China). This process was
repeated twice for all samples to ensure accuracy and reliability of results. The average of the two measurements was
calculated for each sample and further utilized for statistical analysis. The technician was unaware of the clinical
information, which was pertinent to the patients, for ensuring unbiased testing and analysis.

Statistical Analysis

Data were statistically analyzed using the SPSS 25.0 (IBM Corp. Armonk, NY, USA) and graphs were plotted using the
GraphPad Prism 8.0 (GraphPad Software Inc. La Jolla, CA, USA). Normality distribution of quantitative data was
assessed using the Kolmogorov—Smirnov test or Shapiro—Wilk test, with normally distributed data expressed as mean +
standard deviation, and non-normally distributed data as median (upper-lower quartiles). Qualitative data were expressed
as counts (proportions). For intergroup comparisons, the y2 test or Fisher exact test was employed for qualitative data,
and the Mann—Whitney U-test or ¢ test for quantitative data. The Kruskal-Wallis test was used for multiple-intergroup
comparisons of serum NOX4 levels, and the Mann—Whitney U-test was applied for two-by-two comparisons between
groups. Bivariate correlations were analyzed using the Spearman correlation test. Multivariate linear regression models
were constructed to identify variables which were independently associated with serum NOX4 levels. For the sake of
comparing the differences in each variable between END and non-END patients as well as between patients with a poor
90-day prognosis and a good prognosis, univariate logistic regression models were established to analyze the relationship
between each variable and END or 90-day poor outcome in patients with sSICH. Binary logistic regression models were
configured to identify variables, which were independently associated with the occurrence of END or 90-day adverse
outcome after stroke. Odds ratios (ORs) and the corresponding 95% confidence intervals (95% CI) values were
calculated for showing associations. Subsequently, a receiver operating characteristic curve (ROC) curve was constructed
to investigate the predictive value of serum NOX4 levels for the occurrence of END or adverse outcomes in sICH
patients, and the Area under curve (AUC) was estimated, and the Z-test was used to compare the AUCs. Nomogram
models were built to predict the risk of END and poor outcomes. The calibration curves were drawn to validate the
stability of the predictive models. Two-tailed P<0.05 signifies statistical difference.

Results
Study Populations

A total of 214 patients, who were admitted to our hospital within 24 hours of the first-onset symptom of sICH, were
initially included in the study. Subsequently, 53 patients were excluded from this study, who comprised 6 patients with
a recent history of infection or surgery within the past month, 15 with secondary cerebral hemorrhage, 10 with other
neurological disorders, 10 with known malignancies or other specific diseases or conditions, 5 with unavailable blood
samples, 3 because of refusal to participation, and 4 owing to loss to follow-up. Ultimately, 161 patients were enrolled in
the study, all of whom received conservative treatment for hematoma. Baseline features and laboratory assessments of
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initially enrolled patients (n=214) and finally eligible patients (n=161) were shown in Supplemental Table 1.

Additionally, 161 healthy controls were recruited for comparison purposes. No statistically significant differences were
observed in terms of age, gender, smoking, and alcohol consumption between the patients and healthy controls (all
P>0.05; Supplemental Table 1).

Change of Serum NOX4 Levels After sICH

Among this cohort of SICH patients, the median value of time between symptom onset and blood sample-collection was
7.6 h (upper and lower quartiles, 5.2—12.8 h). Serum NOX4 levels in sICH patients ranged from 2.1-17.6 ng/mL
(median, 7.6 ng/mL; upper and lower quartiles, 6.2-9.7 ng/mL). In contrast, serum NOX4 levels ranged from 0.3-2.5 ng/
mL (median, 0.5 ng/mL; upper and lower quartiles, 0.4—0.6 ng/mL) in controls. sSICH patients had significantly higher
serum NOX4 levels as compared with controls (P<0.001; Figure 1).

Serum NOX4 Levels and Disease Severity After sICH

As shown in Table 1, serum NOX4 levels significantly correlated with GCS scores (P<0.001) and hematoma volumes
(P<0.001). Close correlations were also found with age (P<0.001), intraventricular bleedings (P<0.001), blood CRP levels
(P<0.01), blood leukocyte count (P<0.01) and blood glucose levels (P<0.01). Consistent findings were obtained through
univariate binary linear regression analysis (Table 1). Following the incorporation of the variables significantly correlated with
serum NOX4 levels into multifactorial linear regression analysis, notable distinctions persisted between GCS scores and
serum NOX4 levels, as well as hematoma volumes and serum NOX4 levels (Table 1, Figure 2a and b). In Figure 2c and d,
patients were categorized based on GCS scores or hematoma volumes, namely, GCS scores of 3-8, 9-12, and 13-15, or
hematoma volumes <30 mL and >30 mL. It was observed that serum NOX4 levels exhibited significant associations with both
GCS scores and hematoma volume following sICH, irrespective of whether they were analyzed as categorical or continuous
variables (Figure 2, all P<0.001).

Relationship Between Serum NOX4 Levels and END

A total of 51 patients (31.7%) experienced END after stroke. Serum NOX4 levels were notably higher in patients who suffered
from END than those who did not (Figure 3). In Figure 4a, serum NOX4 levels efficiently predicted the occurrence of END
after sSICH, with AUC at 0.768 (95% CI, 0.695-0.831). Using the Youden method, a cutoff value of 9.0 ng/mL was determined,
which predicted END with sensitivity of 70.6% and specificity of 77.3%, with the maximal Jordon index J at 0.479.
Interestingly, our study demonstrated that serum NOX4 levels had an efficient predictive ability for END, which was
comparable to that of GCS scores (AUC=0.774, 95% CI 0.701-0.836, P=0.881) and hematoma volumes (AUC=0.828, 95%
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Figure | Boxplot illustrating admission serum NADPH oxidase 4 levels between patients with spontaneous intracerebral hemorrhage and controls.
Abbreviation: NOX4, NADPH oxidase 4.
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Table | Correlation Between Serum NADPH Oxidase 4 Levels and Other Variables Using the Spearman Correlation Coefficient, and
Univariate and Multivariate Linear Regression Analysis in Spontaneous Intracerebral Hemorrhage

Variables Correlation Univariate Linear Regression Multivariate Linear Regression

Analysis Analysis Analysis

p P value B t P value [i] t P value
Age (years) 0.277 *<0.001 0.270 3.573 *0.001 0.080 1.282 0.202
Gender (male/female) —-0.027 0.730 0.003 0.034 0.973 - - -
Hypertension 0.060 0.453 0.076 0.955 0.341 - - -
Diabetes mellitus 0.070 0.380 0.136 1.735 0.085 - - -
Hyperlipidemia 1.137 0.083 0.092 1171 0.243 - -
Current smoking 0.068 0.389 0.076 0.957 0.340 - - -
Alcohol consumption —0.021 0.787 —0.078 —0.985 0.326 - - -
Admission time (h) 0.003 0.965 0.054 0.679 0.498 - - -
Blood-collection time (h) -0.012 0.879 0.045 0.565 0.573 - - -
Systolic arterial pressure (mmHg) 0.060 0.453 0.089 1.125 0.262 - - -
Diastolic arterial pressure (mmHg) | —0.038 0.628 —0.034 —0.427 0.670 - - -
Basal ganglia hemorrhage 0.025 0.284 0.045 0.565 0.573 - - -
Lobar hemorrhage 0.085 0.754 0.067 0.847 0.398 - - -
Infratentorial hemorrhage —-0.127 0.109 —0.133 —1.694 0.549 - - -
Intraventricular hemorrhage 0.360 *<0.001 0.361 4.881 *<0.001 0.049 0.699 0.486
GCS scores —0.626 *<0.001 —0.612 —9.747 *<0.001 0.212 2.022 *0.045
Hematoma volumes (mL) 0.590 *<0.001 0.627 10.149 *<0.001 0.348 3.226 *0.002
Blood leucocyte count (x107/L) 0.214 *0.006 0.212 2.729 *0.007 0.097 1.576 0.117
Blood CRP levels (mg/L) 0.231 *0.003 0.211 2.724 *0.007 0.093 1.534 0.127
Blood potassium levels (mmol/L) —0.037 0.639 —-0.010 —0.126 0.900 - - -
Blood glucose levels (mmol/L) 0.230 *0.003 0.370 5.016 *<0.001 0.095 1.400 0.163

Notes: Correlations were done using the Spearman correlation coefficient test and Linear regression analysis in intracerebral hemorrhage. The asterisk indicates statistical
significance (*P<0.05).
Abbreviations: GCS, Glasgow coma scale; CRP, C-reactive protein.

CI10.761-0.883, P=0.097) (Figure 4b). Subsequently, we constructed a combined binary Logistic regression model using serum
NOX4 levels, GCS scores and hematoma volumes. The model (AUC=0.868, 95% CI 0.805-0.916) exhibited significantly
higher predictive capability than those of serum NOX4 levels, GCS scores and hematoma volumes for END (all P<0.05).
Additionally, as opposed to patients not experiencing END, those with development of END exhibited significantly
lower GCS scores, older age, higher blood leukocyte counts, serum CRP levels, blood glucose levels, hematoma
volumes, and serum NOX4 levels, as well as higher proportion of intraventricular hemorrhage (all P<0.05;
Supplemental Table 2). Using univariate logistic regression analysis, those substantial findings were corroborated (all

P<0.05; Supplemental Table 3). Moreover, following the inclusion of the aforementioned significant variables on

univariate analysis into multivariate model, hematoma volumes and serum NOX4 levels exceeding 9.0 ng/mL were
identified as independent predictors of END in sICH patients (Table 2).
As shown in Supplemental Figure 1, the variables with significant differences on the multifactorial logistic regression

model were included in the nomogram model to predict the associated risks. And the scores corresponding to the above
two variables were summed to calculate the total scores, and different scores corresponded to different levels of risk,
which were 0.1=17.9, 0.3=45.5, 0.5=62.8, 0.7=80.1, and 0.9=107.7, respectively. Under the calibration curve, the

prediction model was relatively stable (Supplemental Figure 2).

Relationship Between Serum NOX4 Levels and 90-Day Poor Outcomes After sICH

A total of 58 patients experienced poor outcomes (GOS scores 1-3) at 90 days after SICH. Notably, serum NOX4 levels
were significantly elevated in patients with poor outcomes, as compared to those with good outcomes (median, 9.8 ng/mL
vs 7.0 ng/mL, P<0.001; Figure 5a). Subsequently, patients were categorized based on GOS scores, namely, GOS scores of 1,
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Figure 2 Correlograms and boxplots describing relationships between admission serum NADPH oxidase 4 levels and hemorrhage severity of spontaneous intracerebral
hemorrhage. (a) Correlograms illustrating the relationship between admission serum NOX4 levels and baseline Glasgow coma scale scores after spontaneous intracerebral
hemorrhage. (b) Correlograms illustrating the relationship between admission serum NADPH oxidase 4 levels and baseline hemorrhage volumes after spontaneous
intracerebral hemorrhage. (c) Boxplots illustrating admission serum NADPH oxidase 4 levels among subgroups based on baseline Glasgow coma scale scores after
spontaneous intracerebral hemorrhage. Patients were divided into three groups in accordance with Glasgow coma scale scores, namely, 3-8, 9-12 and 13-15. (d) Boxplots
illustrating admission serum NADPH oxidase 4 levels among subgroups based on baseline hemorrhage volumes after spontaneous intracerebral hemorrhage. Patients were
divided into two groups in accordance with hemorrhage volumes, namely, <30mL and >30mL.

Abbreviation: NOX4, NADPH oxidase 4.

2,3, 4 and 5. It was observed that serum NOX4 levels exhibited significant associations with GOS scores following sICH,
whether it was analyzed as a categorical or continuous variable (Figure 5b and c) (all P<0.001).

In Figure 6a, serum NOX4 emerged as a significant discriminator of poor outcomes following sICH, with AUC of
0.777 (95% CI, 0.705-0.839). Using a cutoff value of 9.1 ng/mL, serum NOX4 levels distinguished poor outcomes with
a sensitivity of 70.7% and a specificity of 84.5%, with a maximal Jordon’s index of 0.552. Markedly, serum NOX4 levels
displayed significant predictive ability for poor outcomes, which was similar to those of GCS scores (AUC=0.852, 95%
CI 0.787-0.903, P=0.053) and hematoma volumes (AUC=0.854, 95% CI 0.790-0.905, P=0.080) (Figure 6b).
Subsequently, we constructed a combined binary Logistic regression model using serum NOX4 levels, GCS scores
and hematoma volumes. The model (AUC=0.896, 95% CI 0.839-0.939) exhibited significantly higher predictive
capability than those of serum NOX4 levels, GCS scores and hematoma volumes for poor outcome (all P<0.05).
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Figure 3 Boxplot illustrating admission serum NADPH oxidase 4 levels between patients with early neurological deterioration presence and early neurological deterioration
absence after spontaneous intracerebral hemorrhage.
Abbreviations: NOX4, NADPH oxidase 4; END, early neurological deterioration.
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Figure 4 Receiver operating characteristic curve showing relationship between admission serum NADPH oxidase 4 levels and the presence of early neurologic
deterioration after spontaneous intracerebral hemorrhage. (a) Receiver operating characteristic curve for admission serum NADPH oxidase 4 levels used to predict
early neurologic deterioration after stroke. (b) Receiver operating characteristic curve for admission serum NADPH oxidase 4 levels, baseline Glasgow coma scale scores
and hematoma volumes used to predict early neurologic deterioration after stroke.

Abbreviations: NOX4, NADPH oxidase 4; GCS, Glasgow coma scale; AUC, area under curve.

Furthermore, as compared to patients with good outcomes, those with poor outcomes exhibited significantly lower
GCS scores, were significantly older, displayed substantially higher blood leukocyte count, blood CRP levels, blood
glucose levels, hematoma volumes and serum NOX4 levels, as well as had dramatically higher proportion of intraven-

tricular hemorrhage (all P<0.05; Supplemental Table 4). Using univariate logistic regression analysis, such findings still

existed (P<0.05; Supplemental Table 5). Moreover, as depicted in Table 3, after incorporation of the aforementioned

variables with significant differences into a multivariate logistic regression model, hematoma volumes, GCS scores and
serum NOX4 levels exceeding 9.1 ng/mL appeared as the three independent predictors of poor outcomes at 90 days after

stroke.
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Table 2 Multivariate Logistic Regression Analysis of Predictors for Early Neurological
Deterioration After Spontaneous Intracerebral Hemorrhage

Variable B SE Wald | OR 95% CI P value
Age (years) 0.001 0.019 | 0.004 | 1.001 | 0.964-1.040 | 0.950
Intraventricular hemorrhage 0.273 0.632 | 0.187 | 1.314 | 0.381-4.535 | 0.665
GCS scores —0.025 | 0.113 | 0.051 | 0.975 | 0.782-1.215 | 0.821
Hematoma volumes (mL) 0.059 0.029 | 4303 | 1.061 | 1.003-1.122 | *0.038
Blood leucocyte count (x10°/L) | 0.08I 0.075 | 1.180 | 1.084 | 0.937-1.255 | 0.277
Blood CRP levels (mg/L) 0.023 0.019 | 1.508 | 1.023 | 0.986—I.161 | 0.219
Blood glucose levels (mmol/L) 0.023 0.065 | 0.128 | 1.024 | 0.900-1.164 | 0.737
Serum NOX4 levels >9.0 ng/mL | 1.153 0480 | 5.776 | 3.166 | 1.237-8.105 | *0.016

Notes: Results were presented as odds ratio (95% confidence interval) using multivariate logistic regression
analysis. The asterisk indicates statistical significance (*P<0.05).

Abbreviations: Cl, confidence interval; GCS, Glasgow Coma Scale; NOX4, NADPH oxidase 4; CRP, C-reactive
protein.

As shown in Supplemental Figure 3, we included the variables with significant differences in the multifactorial

logistic regression model in the nomogram model to predict the associated risks. And the scores corresponding to the
above three variables were summed to calculate the total scores, and different scores corresponded to different levels of
risk, which were 0.1=36.9, 0.3=63.2, 0.5=80.9, 0.7=98.7, and 0.9=127.0, respectively. We found that serum NOX4 levels
>9.1 ng/mL, GCS scores, and hematoma volumes effectively predicted the risk of poor prognosis in patients with sICH.
Under calibration curve, the prediction model was relatively stable (Supplemental Figure 4).

Discussion

sICH represents a grave neurological condition, which has significantly increased the burden of mortality and disability
worldwide.'* END emerges as a frequent and severe complication at the initial phase during sICH.'> In clinical practice,
GCS scores and hematoma volumes serve as pivotal indicators for evaluating disease severity following sICH and
predicting both END and subsequent neurological sequelae.'® Over the years, researchers have directed their attention
towards elucidating the prognostic predictive capacity of peripheral blood biomarkers in the context of sICH. The
application of biomarkers such as S100B, interleukin-12 and matrix metalloproteinase-1 in the assessment of disease
severity and prognosis prediction of ICH has received extensive attentions from scholars in the past decades.'” ' And it
was found that peripheral blood biomarkers may be able to improve prognostic predictability and help to guide clinical
treatment in patients with sICH.

In our present study, we found that (1) serum NOX4 levels were significantly elevated in sICH patients in the early
stage of the disease; (2) serum NOX4 levels showed a significant positive correlation with hematoma volumes on
admission and a significant negative correlation with GCS scores; (3) serum NOX4 levels > 9.0 ng/mL were significantly
effective in differentiating the risk between patients who experienced END and those who did not, and serum NOX4
levels > 9.1 ng/mL could effectively differentiated patients with poor outcomes from those with good outcomes after
sICH; (4) the predictive ability of serum NOX4 levels for END and poor outcomes were similar to those of GCS scores
and hematoma volumes. In summary, serum NOX4 levels were strongly associated with disease severity, development of
END, and neurological function outcomes, suggesting that serum NOX4 may be a potential prognostic biomarker for
sICH patients.

NOX4 is widely present in the central nervous system and is one of the major sources of ROS in brain tissues.”’ It has
been found that NOX4 is involved in the development of a variety of acute brain injury diseases. After ischemic stroke,
the expressions of NOX4 protein in neurons as well as endothelial cells were significantly elevated.?' In addition, after
experimental brain injury, including ICH, traumatic brain injury and subarachnoid hemorrhage the expressions of NOX4
in brain tissues were actually increased.®***® Further studies showed that NOX4-/- mouse had a better neurological
prognosis after traumatic brain injury, as compared to controls.”? Its neuroprotective mechanisms were related to
reductions of lesion size, oxidative damage, neurodegeneration and apoptosis in injured brain tissues.* In the ischemic
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Figure 5 Correlograms and boxplot describing relationships between admission serum NADPH oxidase 4 levels and neurological function outcomes at 90 days after
spontaneous intracerebral hemorrhage. (a) Boxplots illustrating serum NADPH oxidase 4 levels between two groups named as good outcomes and poor outcomes
respectively. Poor outcomes were defined as Glasgow outcome scale score of |-3. (b) Boxplots illustrating admission serum NADPH oxidase 4 levels among subgroups
based on baseline Glasgow outcome scale scores at 90 days after spontaneous intracerebral hemorrhage. Patients were divided into five groups in accordance with Glasgow
outcome scale scores, namely, |, 2, 3, 4 and 5. (c) Correlograms illustrating the relationship between admission serum NOX4 levels and baseline Glasgow outcome scale
scores at 90 days after spontaneous intracerebral hemorrhage.

Abbreviations: NOX4, NADPH oxidase 4; GOS, Glasgow Outcome Scale.

stroke rat model, NOX4 inhibitor significantly diminished infarct area, effectively suppressed elevated ROS levels and
neuronal apoptotic degeneration, and strongly reduced blood brain barrier damage and subsequently obviously improved
neurological function.** These findings underscore the potential therapeutic significance of targeting NOX4 in mitigating
the detrimental consequences of acute brain injury.

In several clinical studies, researchers have observed elevated expression levels of NOX4 protein in peripheral
neurons and astrocytes within injured brain tissues among patients with acute brain injury diseases.”>*>*® Moreover,
there was a significant elevation in NOX4 levels in the peripheral blood of patients during the early stages of traumatic
brain injury and aneurysmal arachnoid hemorrhage.?”*® Such a level elevation may be attributed to the substantial
releasing of NOX4 from central nervous system to peripheral blood via disrupted blood-brain barrier following acute
brain injury. Also, NOX4 levels in both brain tissue and peripheral blood were tremendously correlated with disease
severity and prognosis of such patients. For instance, a study involving 165 aneurysmal subarachnoid hemorrhage
patients and 165 controls demonstrated that serum NOX4 levels upon admission strongly correlated with World
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Figure 6 Receiver operating characteristic curve showing relationship between admission serum NADPH oxidase 4 levels and 90-day poor outcomes after spontaneous
intracerebral hemorrhage. (a) Receiver operating characteristic curve for admission serum NADPH oxidase 4 levels used to predict 90-day poor outcomes after stroke. (b)
Receiver operating characteristic curve for admission serum NADPH oxidase 4 levels, baseline Glasgow coma scale scores and hematoma volumes used to predict 90-day
poor outcomes after stroke.

Abbreviations: NOX4, NADPH oxidase 4; GCS, Glasgow coma scale; AUC, area under curve.

Federation of Neurosurgical Societies scores and modified Fisher scores. Additionally, elevated serum NOX4 levels
effectively predicted the occurrence of delayed cerebral ischemia and poor prognosis in those patients.”® Similarly,
another study of 105 patients with traumatic brain injury showed a strong correlation between serum NOX4 levels and
GCS scores in addition to GOS scores at 90 days post-injury; and serum NOX4 was identified as an independent
predictor of death and poor prognosis in such patients.>” These findings are extremely indicative of the assumption that
serum NOX4 may be potentially used as a prognostic biomarker of acute brain injury.

Here, we sought to investigate the relationship between peripheral blood NOX4 levels, disease severity and prognosis
in patients with sICH. Through multifactorial analysis, we discovered that serum NOX4 levels in sICH patients were
independently associated with GCS scores, hematoma volumes, and GOS scores at 90 days post-stroke. Serum NOX4
levels exceeding 9.0 ng/mL effectively differentiated the risk of END, while levels exceeding 9.1 ng/mL effectively
differentiated patients with poor outcomes (GOS score 1-3). By multifactorial logistic regression models, serum NOX4

was confirmed as an independent predictor of END and poor outcomes, exhibiting a predictive ability, which was

Table 3 Multivariate Logistic Regression Analysis of Predictors for 90-Day Poor
Outcomes After Spontaneous Intracerebral Hemorrhage

Variable B SE Wald | OR 95% CI P value
Age (years) 0.035 0.022 | 2.443 | 1.035 | 0.991-1.081 | 0.118
Intraventricular hemorrhage —0.185 | 0.734 | 0.063 | 0.801 | 0.197-3.505 | 0.831
GCS scores —0.230 | 0.116 | 3.938 | 0.795 | 0.634-0.997 | *0.034
Hematoma volumes (mL) 0.069 0.033 | 4472 | 1.072 | 1.005-1.143 | *0.047
Blood leucocyte count (x10°/L) | 0.112 0.087 | 1.669 | 1.119 | 0.944-1.326 | 0.196
Blood glucose levels (mmol/L) 0.032 0.076 | 0.177 | 1.032 | 0.890-1.198 | 0.674
Serum NOX4 levels >9.0 ng/mL | 1.109 0512 | 4691 | 3.031 | I.111-8.269 | *0.030

Notes: Results were presented as odds ratio (95% confidence interval) using multivariate logistic regression
analysis. The asterisk indicates statistical significance (*P<0.05).

Abbreviations: Cl, confidence interval; GCS, Glasgow Coma Scale; NOX4, NADPH oxidase 4; CRP, C-reactive
protein.
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comparable to those of GCS scores and hematoma volumes, and demonstrating strong model stability. In summary,
elevated serum NOX4 levels exhibited significant correlations with disease severity and prognosis in patients after stroke.
Additionally, serum NOX4 levels demonstrated high predictive value for 90-day poor outcomes and the occurrence of
END. Also, the joint models showed exhibited significantly higher predictive capability than those of serum NOX4
levels, GCS scores and hematoma volumes for END occurrence and poor outcome, which can help clinicians grasp the
risk stratification and prognostic predictions after sSICH better. Alternatively, determinations of serum NOX4 may change
clinical practice, eg decision about DNR / DNO. Therefore, NOX4 may hold promise as a potential biomarker for
assessing brain injury in the context of sICH.

Several limitations warrant to be considered. First, the sample size was relatively small, encompassing only 161 patients
with sICH. Consequently, it is imperative to carry out a large cohort study in future to validate the current findings and enhance
the generalizability of our results. Second, serum NOX4 levels were measured only upon admission in sICH patients. It may
be of benefit if serum NOX4 levels could be assessed at multiple time-points post-admission (eg, days 1, 2, 3, 5, 7, and 10).
This would facilitate the observation of the dynamic changes in serum NOX4 levels throughout the course of sICH, thus
providing valuable insights into the temporal evolution of NOX4 expression in relation to disease progression. Such an
approach holds potential for offering more clinically relevant information regarding the role of NOX4 in the pathophysiology
of sICH and its implications for patient management. Moreover, considering that NOX4 is one of the markers of oxidative
stress, its specific mechanisms in secondary brain injury post-sICH should be further studied so as to aid in exploration of
anew therapeutic agent of sSICH. Third, it may be unnecessary to select a total of 161 healthy controls for clinical investigation
based on statistical power analysis. As a fact, for the sake of better heightening research efficiency and lowering potential risks
to study subjects, reducing sample size can be an alternative suitable modality. Fourth, National Institute of Health stroke
scale, in comparison to GCS, displays higher advantages for neurological assessment in minor stroke, modified Rankin scale
may be more suitable for assessing neurological outcome than GOS and hematoma expansion may be related to END. So,
utilizations of GCS and GOS for neurological and outcome evaluation and non-observation of hematoma expansion in this
study may cause bias of results. Fifth, blood samples of patients were measured for the first time after admission. However,
a part of blood samples were collected after 24 hours after symptom onset. In the follow-up study, we will collect the blood
samples of patients within 24 hours of symptom onset. Sixth, the impact of wake up-stroke patients on study outcomes should
also be considered, although they accounted for a small proportion of patients with SICH. Seventh, GOS scores at 3 months
after stroke could not be recorded for patients lost to follow-up, these patients were not included in the 3-month outcome and
END analysis. The exclusion of patients with missed visits may have an impact on the results of the experiment. Finally, we
will pay more attention to the relationship between cardiovascular risk factors and serum NOX4 levels.

Conclusion

In this study, the association of serum NOX4 levels with disease severity, END, and 90-day functional outcomes in SICH
patients were analyzed for the first time using multivariate analysis. Notably, elevated serum NOX4 levels were
independently associated with GCS scores and hematoma volumes. Furthermore, serum NOX4 levels exceeding 9.0
ng/mL and 9.1 ng/mL took possession of high efficacy in predicting the risk of END and poor outcomes, respectively.
Importantly, serum NOX4 levels exhibited similar predictive abilities for END and prognosis, as compared to GCS
scores and hematoma volumes. In conclusion, our findings suggest that serum NOX4 holds promise as a potential
biomarker for assessing the severity of sICH, predicting the occurrence of END, and forecasting long-term functional
prognosis. Further research and validation studies are warranted to corroborate these findings and elucidate the clinical
utility of serum NOX4 in the management of sICH patients.

Abbreviations

sICH, spontaneous intracerebral hemorrhage; ICH, intracerebral hemorrhage, GCS, Glasgow coma scale; GOS, Glasgow
outcome scale; ROC, receiver operating characteristic; AUC, area under curve; 95% CI, 95% confidence interval; ROS,
reactive oxygen species.
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