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Purpose: Nicotinamide adenine dinucleotide phosphate oxidase 4 (NOX4) is related to brain oxidative stress. We attempted to
examine the association between serum NOX4 levels, severity and prognosis of severe traumatic brain injury (sTBI).
Methods: We measured serum NOX4 levels in 105 patients with sTBI. Trauma severity was assessed using Glasgow coma scale
(GCS) and Rotterdam computed tomography (CT) classification. Study outcome data on death and worst outcome (Glasgow outcome
scale score of 1–3) were collected at 90 days after trauma. Multivariate analyses were performed to determine independent factors for
overall survival and worst outcome. Area under receiver operating characteristic curve (AUC) was estimated to assess prognostic
predictive ability.
Results: Serum NOX4 levels were tightly correlated with GCS score (t=−5.843, P < 0.001) and Rotterdam CT score (t = 4.231, P <
0.001). During 90 days of follow-up, 50 participants (47.6%) experienced a worse outcome, 28 (26.7%) died and the mean overall
survival time was 71.9 days (95% confidence interval (CI), 65.7–78.1 days). Serum NOX4 was independently associated with an
increased risk of short overall survival (hazard ratio, 1.129; 95% CI, 1.039–1.228) or worse outcome (odds ratio, 1.053; 95% CI,
1.014–1.095). Serum NOX4 levels had a certain predictive value for the patient’s risk of mortality (AUC, 0.803; 95% CI, 0.714–0.874)
or worse outcome (AUC, 0.780; 95% CI, 0.689–0.855). Moreover, its AUC was in the range of GCS score and Rotterdam CT score
(both P > 0.05) and it significantly improved their AUCs (both P < 0.05).
Conclusion: Serum NOX4 levels in the acute phase of sTBI were associated with trauma severity, an increased risk of mortality and
worse outcome, suggesting that serum NOX4 could be an important prognostic factor for sTBI.
Keywords: traumatic brain injury, biomarker, severity, NOX4, prognosis

Introduction
Traumatic brain injury (TBI) is a major cause of death and disability globally.1 Secondary brain injury is a key player during
the pathophysiological process after TBI.2 Oxidative stress, inflammation, excitatory amino acid toxicity and neuronal
apoptosis play important roles in this complex cascade of secondary injury mechanisms and prominently contribute to
neurovascular dysfunction.3,4 Glasgow Coma Scale (GCS) and Rotterdam computed tomography (CT) classification have
been frequently used to assess the clinical and radiological severity of TBI.5,6 Over the past several decades, biomarkers
have drawn researchers’ interests with respect to severity assessment and prognosis prediction, in order to improve the
prognostic predictive ability of GCS or Rotterdam CT classification.7,8 Clearly, some biomarkers, such as S100B, glial
fibrillary acidic protein, ubiquitin carboxyl-terminal hydrolase L1, myelin basic protein and neuron-specific enolase, have
been confirmed to be highly related to trauma severity and clinical outcomes after TBI.9–12 However, circulating levels of
such biomarkers have not been routinely measured for clinical service. Therefore, clinical investigation of different
biochemical markers is still under way for severity and prognosis analysis of TBI.
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Nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (NOXs) are a group of eukaryotic flavoenzymes that
catalyze the reduction of dioxygen to the superoxide anion using electrons provided by NADPH.13 There are seven NOX
isoenzymes, including NOX1, 2, 3, 4, 5 and dual oxidase 1, 2.14 NOX4 is a major subtype of NOX family and may be
responsible for the majority of brain oxidative stress after acute brain injury.15 NOX4 exists in neurons and glial cells, as well
as its expression was greatly enhanced in injured brain tissues.16 Clearly, experimental data have shown that NOX4 may
exert a detrimental effect on acute brain injury and inhibition of NOX4 may lessen acute brain injury by attenuating oxidative
stress.17 Alternatively, elevated brain NOX4 expressions were intimately correlated with increasing severity indicated by
decreasing GCS score, but not with prognosis reflected by Glasgow outcome scale (GOS) score after human TBI.18

However, the insignificant association of brain NOX4 expression levels with prognosis may be caused by a small sample
size (only 20 TBI patients). Of note, in a recent clinical study of 165 aneurysmal subarachnoid hemorrhage patients, elevated
serum NOX4 levels were highly correlated with hemorrhagic severity, and were independently associated with delayed
cerebral ischemia and long-term poor outcome.19 Hence, it has been postulated that NOX4 might be a potential prognostic
biomarker for diseases with acute brain injury. In the current study, we intended to discern whether serum NOX4 levels were
related to trauma severity and long-term clinical outcome among a cohort of patients with severe TBI (sTBI).

Methods
Patients
In this prospective cohort study performed at Ningbo Hangzhou Bay Hospital (Ningbo, China) from April 2017 to
April 2020, we first assessed adult (age ≥18 years) patients with sTBI (post-resuscitation GCS score of 8 or less), who
had injury severity score in non-cranial aspects below 9 and were hospitalized within post-traumatic twelve hours.
Afterwards, we excluded those patients with known previous inflammatory or immunological diseases, severe heart,
liver, lung or kidney diseases, prior neurological diseases (eg, hemorrhagic or ischemic stroke, brain tumors and sTBI) or
malignant diseases. The study was done according to the principles of the Declaration of Helsinki, and approval for the
study protocol was obtained from the ethics committee at Ningbo Hangzhou Bay Hospital (opinion number: 2017014).
Informed consent was written by patients’ relatives.

Variables
We collected some information, including demographics (age and gender), adverse life habits (cigarette smoking and
alcohol drinking), time parameters (time from trauma to admission and from trauma to blood-collection) and previous
medical illnesses (hypertension, diabetes mellitus and hyperlipidemia). Clinical and radiological indicators of trauma
severity were the GCS and Rotterdam CT classification, respectively. The recorded positive radiological appearances
included skull-cap fracture, skull-base fracture, epidural hematoma, subdural hematoma, subarachnoid hemorrhage,
intraventricular hemorrhage, cerebral hematoma, brain contusion, pneumocephalus, abnormal cistern and midline shift.
By telephone, we obtained information regarding GOS score at 90 days after head trauma. The outcome parameters were
death and worst outcome (GOS score of 1–3).

Immune Analysis
Peripheral venous blood was drawn once patients arrived at the emergency department. Blood glucose was measured
using the hexokinase/glucose-6-phosphate dehydrogenase method. Serum C-reactive protein levels were quantified using
a particle-enhanced immunonephelometry assay. For the determination of serum NOX4 levels, after blood centrifugation,
the aliquots of the samples were immediately stored −80°C until assayed. Serum NOX4 levels were determined in
duplicate with a quantitative sandwich enzyme-linked immunosorbent assay kit (MyBiosource, USA) in accordance with
the manufacturers' instructions. Two measurements were averaged for the final analysis. All determinations were
performed by the same technician blinded to the clinical information.
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Statistical Analysis
Data were analyzed using the SPSS 20.0 statistical package (SPSS Inc., Chicago, Illinois, USA), except receiver
operating characteristic (ROC) curve analysis, where statistical analysis was done using MedCalc statistical software
version 17.4 (MedCalc Software, Mariakerke, Belgium). Data were presented as means (standard deviations) for
normally distributed quantitative variables, medians (upper – lower quartiles) for non-normally distributed quantitative
variables and counts (percentages) for qualitative variables. Comparisons between the two groups were performed using
the t-test, Mann–Whitney test, the Pearson’s chi-square test or Fisher’s exact test as appropriate. Comparisons among
multiple groups were carried out using the Kruskal–Wallis H-test. The overall survival time between the two groups was
compared using the Log rank test. The ROC curve was plotted to analyze the prognostic predictive value. The prognostic
predictive ability was assessed using area under the ROC curve (AUC) with the corresponding 95% confidence interval
(CI). A combined logistic regression model was configured to analyze the additive effect of serum NOX4 levels to GCS
score and Rotterdam CT classification score for predicting prognosis. Comparisons of AUCs were done using Z test. Two
multivariable models, namely the multivariate binary logistic regression model and multivariate Cox’s proportional
hazard model, which included significant variables in univariate analyses, were built to determine independent predictors
for 90-day worst outcomes and overall survival. The results were reported as odds ratio (95% CI) and hazard ratio (95%
CI), respectively. Bivariate correlations were determined using the Spearman correlation coefficient test. Also, the
multivariate linear regression model was established to find variables, which were independently correlated with
serum NOX4 levels. For all tests, the two-sided p-values less than 0.05 were considered statistically significant.

Results
Patient Characteristics
We initially assessed 146 patients with sTBI, who had isolated head trauma and were admitted within 12 hours after trauma.
And then, we excluded 7 patients with known previous inflammatory, 4 with immunological diseases, 12 with severe heart,
liver, lung or kidney diseases, 8 with prior neurological diseases (eg, hemorrhagic or ischemic stroke, brain tumors and
sTBI), 4 with malignant diseases, 2 with loss to follow-up, 1 with refusal to participation and 3 with unavailable blood
samples, and finally, a total of 41 patients were excluded and 105 eligible patients were included for further analysis. There
were no significant differences in terms of age and gender between included patients and excluded patients (both P > 0.05).

A total of 105 sTBI patients were analyzed for their related data. There were 67 males and 38 females, and the ratio of
male to female was 1.76. They had a mean age of 46.8 years (standard deviation, 14.6 years; range, 18–77 years). There
were 50 cigarette smokers, 59 alcohol smokers, 18 cases with hypertension, 12 coexisting with diabetes mellitus and 22
suffering from hyperlipidemia. Patients were admitted from 0.8 to 11.5 hours after trauma (median, 4.6 hours; upper-
lower quartiles, 3.6–5.9 hours). Blood samples were collected from 1.2 to 17.5 hours (median, 6.9 hours; upper-lower
quartiles, 6.6–8.7 hours). In regards to traumatic causes, there were automobile/motorcycle (50 cases), fall/jump (41
cases) and others (14 cases). GCS score ranged from 3 to 8, with a median value of 5 and upper-lower quartiles of 4–6.
Median Rotterdam CT classification was 5 (range, 3–6; percentiles 25th-75th, 4–6). The positive radiological appear-
ances included skull-cap fracture (70 cases), skull-base fracture (54 cases), epidural hematoma (48 cases), subdural
hematoma (65 cases), intraventricular hemorrhage (10 cases), intracerebral hematoma (62 cases), brain contusion (60
cases), pneumocephalus (32 cases), abnormal cisterns (80 cases), midline shift >5 mm (74 cases) and traumatic
subarachnoid hemorrhage (71 cases). The mean systolic and diastolic arterial pressures were 118.1 mmHg (standard
deviation, 29.1 mmHg; range, 71–178 mmHg) and 75.8 mmHg (standard deviation, 21.4 mmHg; range, 45–114 mmHg),
respectively. Totally, 68 patients underwent surgery within 24 hours after head trauma. Within 90 days after head trauma,
28 patients were dead, 50 patients experienced a worse outcome (GOS score 1–3), and the mean overall survival time
was 71.9 days (95% CI, 65.7–78.1 days).

Serum NOX4 Levels and Trauma Severity
Serum NOX4 levels ranged from 1.4 to 31.5 ng/mL, and its median value was 10.8 ng/mL, as well as its 25th and 75th
percentile values were 6.7 and 17.8, respectively. When patients were grouped based on GCS score, patients with GCS score
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3 had the highest serum NOX4 levels and those with GCS score 8 showed the lowest serum NOX4 levels (Figure 1A). When
GCS score was identified as a continuous variable, serum NOX4 levels were inversely correlated with GCS scores
(Figure 1B). In addition, whether Rotterdam CT classification score was regarded as a categorical variable or as
a continuous one, higher Rotterdam CT classification scores were, while higher serum NOX4 levels were (Figure 1C and
D). In Table 1, besides GCS scores and Rotterdam CT classification score, blood glucose levels and serum C-reactive protein
levels were tightly correlated with serum NOX4 levels. The above-mentioned four significantly correlated variables were
forced into the multivariate linear regression model, and thereby it was revealed that serum NOX4 levels were independently
correlated with GCS scores (t = −5.843, P < 0.001) and Rotterdam CT classification score (t = 4.231, P < 0.001).

Serum NOX4 Levels and 90-Day Worse Outcome
In Figure 2A and B, whether GOS score was identified as a categorical variable or a continuous variable, GOS score was
highly correlated with serum NOX4 levels. In Figure 2C, serum NOX4 levels significantly differentiated between
patients with a worse outcome and those not experiencing a worse outcome at 90 days after trauma; moreover, using
maximum Youden’s index, an optimal threshold was selected, which predicted a worse outcome with medium–high
sensitivity and specificity values. In addition, its prognostic predictive ability was similar to those of GCS score (AUC,
0.839; 95% CI, 0.754–0.903; P=0.202), and Rotterdam CT classification score (AUC, 0.761; 95% CI, 0.668–0.839; P =
0.707). Furthermore, serum NOX4 levels significantly improved AUCs of GCS score and Rotterdam CT classification to
0.879 (95% CI, 0.800–0.934; P = 0.040) and 0.826 (95% CI, 0.740–0.893; P = 0.030) respectively. In Table 2, some
variables, namely age, GCS score, Rotterdam CT classification score, serum NOX4 levels, serum C-reactive protein
levels and blood glucose levels, were tightly associated with a worse 90-day outcome after trauma. When the preceding
variables were entered into the binary logistic regression model, it was found that GCS score (OR, 0.346; 95% CI, 0.177–
0.677; P = 0.002), Rotterdam CT classification score (OR, 2.220; 95% CI, 1.229–4.010; P = 0.004) and serum NOX4
levels (OR, 1.053; 95% CI, 1.014–1.095; P = 0.008) were independently associated with a 90-day poor outcome after
trauma.

Figure 1 Relationship between serum nicotinamide adenine dinucleotide phosphate oxidase 4 levels and trauma severity after severe traumatic brain injury. (A) With
increasing Glasgow coma scale score, serum nicotinamide adenine dinucleotide phosphate oxidase 4 levels were significantly declined (P<0.001). (B) Serum nicotinamide
adenine dinucleotide phosphate oxidase 4 levels were inversely correlated with Glasgow coma scale score (P<0.001). (C) With increasing Rotterdam computed tomography
classification, serum nicotinamide adenine dinucleotide phosphate oxidase 4 levels were significantly elevated (P<0.001). (D) Serum nicotinamide adenine dinucleotide
phosphate oxidase 4 levels were positively correlated with Rotterdam computed tomography classification (P<0.001). NOX4 means nicotinamide adenine dinucleotide
phosphate oxidase 4.
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Serum NOX4 Levels and 90-Day Overall Survival
Figure 2D displays that serum NOX4 levels were substantially higher in non-survivors than in survivors. Under the ROC
curve (Figure 2E), serum NOX4 levels efficiently discriminated 90-day mortality. Alternatively, serum NOX4 levels >9.6
ng/mL predicted 90-day mortality with 92.9% sensitivity and 63.6% specificity. In addition, its death predictive ability
was in range of GCS score (AUC, 0.819; 95% CI, 0.732–0.888; P = 0.722) and Rotterdam CT classification score (AUC,
0.762; 95% CI, 0.669–0.839; P = 0.402). Furthermore, serum NOX4 levels significantly enhanced AUCs of GCS score
and Rotterdam CT classification to 0.865 (95% CI, 0.785–0.924; P = 0.034) and 0.836 (95% CI, 0.751–0.901; P = 0.016)
respectively. Figure 2F shows that patients with serum NOX4 levels ≥9.6 ng/mL had significantly shorter overall survival
time than the other remainders. In Table 3, age, GCS score, Rotterdam CT classification score, serum C-reactive protein
levels, serum NOX4 levels and blood glucose levels were substantially related to 90-day overall survival using univariate
Cox’s proportional hazard model. Furthermore, these significant variables were contained in multivariate Cox’s propor-
tional hazard model and then, it was revealed that GCS score, Rotterdam CT classification score and serum NOX4 levels
independently predicted 90-day overall survival with HR values of 0.584 (95% CI, 0.418–0.816), 1.825 (95% CI, 1.151–
2.892) and 1.129 (95% CI, 1.039–1.228), respectively.

Discussion
TBI, especially sTBI, is the leading cause of death and disability in young adults worldwide.20 A complex cascade of
secondary injury mechanisms follows the primary mechanical injury.21 These secondary pathological mechanisms
involve edema, ischemia, neuroinflammation and hypoxia.22 Clearly, oxidative stress sufficiently contributes to second-
ary injury in TBI pathology.23 Oxidative stress poses a paramount role in the development of cerebral edema,
inflammation, blood–brain barrier damage and secondary neuronal death after TBI.24 Reactive oxygen species (ROS)
have a great detrimental effect on acute brain injury after TBI.25 Of the many enzymes that produce ROS in the cell,
NOX is the only family of enzymes with the sole purpose of generating ROS.26 Thus, NOX may be detrimental and can
even exacerbate the primary injury after TBI.

NOX4ʹs involvement in TBI has been recently reported. NOX4 has been revealed in neurons, astrocytes, and
microglia following controlled cortical impact injury in mice.27 NOX4 mRNA was predominantly located in neurons

Table 1 Variables Correlated to Serum Nicotinamide Adenine
Dinucleotide Phosphate Oxidase 4 Levels After Head Trauma

r P value

Gender (male/female) 0.051 0.605

Age (y) 0.070 0.477

Cigarette smoker −0.153 0.119
Alcohol drinker −0.056 0.572

Hypertension 0.025 0.800

Diabetes mellitus −0.014 0.889
Hyperlipidemia −0.032 0.749

Admission time (h) −0.084 0.396
Blood-collection time (h) −0.084 0.395

Glasgow Coma Scale score −0.657 <0.001

Systolic AP (mmHg) 0.043 0.660
Diastolic AP (mmHg) 0.014 0.890

Rotterdam CT classification 0.576 <0.001

Surgery within 24 hours −0.003 0.979
Serum CRP levels (mg/l) 0.358 <0.001

Blood glucose levels (mmol/l) 0.237 0.015

Abbreviations: CRP, C-reactive protein; CT, computerized tomography; AP,
arterial pressure. Bivariate correlations were analyzed using Spearman test.
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Figure 2 Relationship between serum nicotinamide adenine dinucleotide phosphate oxidase 4 levels and clinical outcomes at 90 days after severe traumatic brain injury. (A)
With increasing Glasgow outcome scale score, serum nicotinamide adenine dinucleotide phosphate oxidase 4 levels were significantly declined (P<0.001). (B) Serum
nicotinamide adenine dinucleotide phosphate oxidase 4 levels were inversely correlated with Glasgow outcome scale score (P<0.001). (C) Serum nicotinamide adenine
dinucleotide phosphate oxidase 4 levels significantly differentiated between patients with a worse outcome (Glasgow outcome scale score 1–3) and those with a good
outcome (Glasgow outcome scale score 4–5) at 90 days after trauma; moreover, using maximum Youden index, an optimal threshold was selected, which predicted a worse
outcome with medium-high sensitivity and specificity values. (D) Non-survivors had markedly higher serum nicotinamide adenine dinucleotide phosphate oxidase 4 levels
than survivors (P<0.001). (E) Serum nicotinamide adenine dinucleotide phosphate oxidase 4 levels pronouncedly predicted 90-day mortality after trauma; alternatively, using
maximum Youden index, a suitable cutoff value was generated, which discriminated death with medium-high sensitivity and specificity values. (F) There was a significant
difference in terms of 90-day mean survival time between the two subgroups (P<0.001). NOX4 indicates nicotinamide adenine dinucleotide phosphate oxidase 4.
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Table 2 Comparisons of Variables with Worse Outcome Within 90 Days Following Head
Trauma

GOS Score 1–3 GOS Score 4–5 P value

Gender (male/female) 28/22 39/16 0.112

Age (y) 50.3±15.5 43.6±13.2 0.018

Cigarette smoker 24 (48.0%) 26 (47.3%) 0.941
Alcohol drinker 28 (56.0%) 31 (56.4%) 0.970

Hypertension 9 (18.0%) 9 (16.4%) 0.824

Diabetes mellitus 5 (10.0%) 7 (12.7%) 0.661
Hyperlipidemia 12 (24.0%) 10 (18.2%) 0.464

Admission time (h) 4.8 (3.8–6.3) 4.2 (3.0–5.7) 0.180
Blood-collection time (h) 7.1 (6.6–9.3) 6.9 (6.4–8.0) 0.310

Glasgow Coma Scale score 4 (3–5) 6 (5–8) <0.001

Systolic AP (mmHg) 119.4±30.7 116.9±27.7 0.661
Diastolic AP (mmHg) 77.2±22.0 74.6±21.0 0.537

Rotterdam CT classification 5 (5–6) 4 (4–5) <0.001

Surgery within 24 hours 36 (72.0%) 32 (58.2%) 0.139
Serum CRP levels (mg/l) 18.6±7.1 14.3±7.0 0.002

Blood glucose levels (mmol/l) 11.2±4.3 9.2±3.7 0.011

Serum NOX4 levels (ng/mL) 17.0 (9.8–18.6) 7.8 (5.5–11.2) <0.001

Notes: Variables were shown as mean ± standard deviation, median (25th-75th percentiles) or counts (percen-
tages) where appropriate. Comparisons were done using the t-tests, Mann–Whitney U-tests, Pearson chi-square
test or Fisher’s exact test as appropriate. A worse outcome was defined as Glasgow outcome scale score of 1–3.
Abbreviations: CRP, C-reactive protein; CT, computerized tomography; AP, arterial pressure; NOX4, nicotina-
mide adenine dinucleotide phosphate oxidase 4; GOS, Glasgow outcome scale.

Table 3 Factors Associated with Overall Survival During 90-Day Follow-Up Among
Head Trauma Patients

Hazard Ratio 95% CI P value

Gender (male/female) 0.847 0.396–1.807 0.667

Age (y) 1.028 1.002–1.055 0.034
Cigarette smoker 0.475 0.215–1.051 0.066

Alcohol drinker 0.739 0.352–1.550 0.423

Hypertension 1.140 0.433–2.999 0.791
Diabetes mellitus 1.493 0.518–4.307 0.458

Hyperlipidemia 1.070 0.434–2.640 0.883

Admission time (h) 0.942 0.791–1.121 0.499
Blood-collection time (h) 1.033 0.888–1.200 0.677

Glasgow Coma Scale score 0.530 0.386–0.726 <0.001

Systolic AP (mmHg) 1.002 0.989–1.015 0.750
Diastolic AP (mmHg) 1.010 0.993–1.028 0.255

Rotterdam CT classification 2.021 1.278–3.196 0.003

Surgery within 24 hours 1.207 0.546–2.668 0.642
Serum CRP levels (mg/l) 1.075 1.019–1.135 0.008

Blood glucose levels (mmol/l) 1.157 1.060–1.263 0.001

Serum NOX4 levels (ng/mL) 1.167 1.096–1.243 <0.001

Notes: Using univariate Cox’s proportional hazards regression analysis, results were reported as hazard
ratio (95% confidence interval).
Abbreviations: CRP, C-reactive protein; CT, computerized tomography; AP, arterial pressure; NOX4,
nicotinamide adenine dinucleotide phosphate oxidase 4; 95% CI, 95% confidence interval.
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in the injured cerebral cortex of adult male mice with TBI using Western blot analysis and double
immunohistochemistry;28 Moreover, elevated NOX4 expression in cerebral cortex after TBI was correlated with
increased oxidative stress damage to DNA, protein and lipids.28 Similarly, in blast-injured rats, elevated NOX4
expression was correlated with increased superoxide production.29 In addition, in the cerebral cortex from post-
mortem human brains, NOX4 expression was found in neurons.18 Furthermore, the higher expression of NOX4 in the
brain was correlated with the increasing severity of human TBI as determined by the GCS.18 In humans with an
aneurysmal subarachnoid hemorrhage, serum NOX4 levels were highly correlated with hemorrhagic severity as indicated
by the World Federation of Neurological Surgeons scale and modified Fisher grading scale.19 In our study, serum NOX4
levels were also closely correlated with trauma severity as reflected by GCS and Rotterdam CT classification. Hence, on
the one hand, it is assumed that NOX4 may be implicated in secondary brain injury after TBI; on the other hand, it is
presumed that serum NOX4 may be a potential biochemical variable that can aid in the assessment of trauma severity
after sTBI.

GKT137831 (a specific inhibitor of Nox4) could substantially reduce neuronal death in rats with subarachnoid
hemorrhage.30 Consistently, siRNA-mediated silencing of NOX4 suppressed neuronal apoptosis induced by oxygenate
hemoglobin.30 After NOX4 knockdown, level of oxidative stress in the brain decreased considerably, neurobehavioral
scores improved, levels of neuronal apoptosis reduced markedly, and impairment of blood–brain barrier function was
significantly ameliorated in rats with intracerebral hemorrhage.31 Mice deficient in NOX4 were largely protected from
oxidative stress, blood-brain-barrier leakage and neuronal apoptosis after both transient and permanent cerebral
ischemia.32 In TBI, examination of NOX4−/− mice revealed a reduced number of apoptotic and degenerating cells in
the perilesional cortex, as well as a smaller lesion size compared with the wild-type group.28 In a word, NOX4 may be
a new therapeutic target in acute brain injury diseases, including TBI.

To the best of our knowledge, this study, for the first time, explored the relationship between serum NOX4 levels and
disease severity plus long-term clinical outcome after sTBI. Our main findings are that the ascending serum NOX4
levels, in close correlation with declining GCS scores and increasing Rotterdam CT classification, were independently
associated with 90-day death and 90-day poor outcome after sTBI. However, in a clinical study of only 20 TBI patients,
there was an insignificant association of brain NOX4 expression levels with prognosis indicated by GOS score.18 This
sort of insignificant prognosis relation may be caused by a small patient size. Notably, in a recent study of 165 patients
with aneurysmal subarachnoid hemorrhage, serum NOX4 levels were revealed to be highly correlated with hemorrhagic
severity, delayed cerebral ischemia and long-term functional outcome.19 Both our study and the preceding study19

showed that serum NOX4 levels had a marked prognostic predictive capability for long-term outcome after acute brain
injury. Nevertheless, in that study regarding the relationship between serum NOX4 levels and prognosis after aneurysmal
subarachnoid hemorrhage, AUCs were not compared between serum NOX4 and the World Federation of Neurological
Surgeons scale plus modified Fisher grading scale for predicting prognosis after hemorrhagic stroke. In our study, we not
only found that the prognostic predictive ability of serum NOX4 levels was equivalent to those of GCS score and
Rotterdam CT classification score but also serum NOX4 levels substantially improved the prognostic predictive
capabilities of GCS score and Rotterdam CT classification score under ROC curve. Such results may be further
supportive of the notion that serum NOX4 could serve as a promising prognostic biomarker for sTBI.

sTBI is a fatal event with a poor outcome.1 Hence, having a way to predict outcome will be helpful for making
decisions and necessary adjustments to care for the recovering patient. GOS and Rotterdam CT classification currently
serve as the two most common prognostic predictors.5,6 Our study found a reproducible marker that would improve the
prognostic predictive ability of GOS and Rotterdam CT classification. However, currently, the average turnaround time
for laboratory results is between 30 and 40 minutes. Although measurement of serum NOX4 may currently not add much
to the armamentarium of the clinician, it holds great potential to become more time efficient.

There are several limitations in this study. First, the current study only analyzed serum NOX4 for its relation to
severity and prognosis after sTBI. However, whether other NOXs are associated with severity and prognosis after sTBI is
unclear and, hence, further studies may be of clinical significance for analyzing other NOXs with respect to relations to
severity and prognosis after sTBI. Second, TBI is a type of acute brain injury disease, and to the best of our knowledge,
there is a great amount of literature available regarding circulating levels of other biomarkers at the acute time after
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TBI.7–12 Because a large portion of TBI patients often die within 1–2 weeks after head trauma,1–6 determination of
circulating levels of biomarkers at the chronic time is not of large clinical value. Maybe, it is necessary to investigate
serum NOX4 levels at the chronic time after TBI and further to analyze its association with clinical outcome. Third, the
current study was designed to determine the relationship between serum NOX4 levels and trauma severity plus clinical
outcome. Our data is supportive of the notion that serum NOX4 may serve as a promising prognostic biomarker for sTBI.
A next study is warranted to set the control group for ascertaining dynamic changes of serum NOX4 levels after TBI.
Finally, S100B, glial fibrillary acidic protein, ubiquitin carboxyl-terminal hydrolase L1, myelin basic protein and neuron-
specific enolase are demonstrated to be potential prognostic biomarkers of TBI.9–12 The interesting finding in this study is
that serum NOX4 levels combined with GCS score or Rotterdam CT score significantly improve their prognostic
predictive ability alone. Therefore, the next work is to select a potential biomarker from the aforementioned biochemical
markers, which can efficiently improve the prognostic ability when it is combined into the current model (namely, serum
NOX4 levels combined with GCS score or Rotterdam CT score).

Conclusions
This is the first series for investigating the relationship between serum NOX4 levels and trauma severity, and long-term
death plus functional outcome of sTBI. It is demonstrated that serum NOX4 levels are tightly correlated with trauma
severity as indicated by GCS scores and Rotterdam CT classification, as well as are independently associated with poor
long-term prognosis as reflected by 90-day mortality and poor functional outcome. Alternatively, the prognostic
predictive ability of serum NOX4 levels is in the range of GCS score and Rotterdam CT score as well as, it also
significantly improves the prognostic ability of GCS score and Rotterdam CT score for predicting 90-day death and poor
outcome. Overall, serum NOX4 may represent a potential biomarker for assessing trauma severity and predicting long-
term prognosis after sTBI.
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CT, computerized tomography; GCS, Glasgow Coma Scale; ROC, receiver operating characteristic; sTBI, severe
traumatic brain injury; AUC, area under receiver operating characteristic curve; OR, odds ratio; HR, hazard ratio;
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