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microvascular perfusion continues to be a major challenge 
encountered with thrombolytic treatment of AIS [7, 8]. Recent 
evidence suggests that NETosis facilitates thrombosis and 
increases reperfusion resistance [7]. Moreover, prevention 
of NETosis is reported to have pro-thrombolytic potential in 
the treatment of AIS [12-18]. Details regarding the precise 
evolution of various post stroke NETosis biomarkers and 
their implication and potential effect on cerebral infarct 
expansion and aggravation of functional deficits are still not 
fully understood. In cerebral ischemia, neutrophils are the first 
group of cells to infiltrate the damaged tissue and undergo 
NETosis in the brain parenchyma and microvasculature [3-
6]. In this study, the time course of NETosis biomarkers in 
mouse plasma is reported. The data show that four NETosis 
plasma biomarkers (CitH3, NE, dsDNA, and MPO) increased 
after stroke. CitH3 and NE reached their respective peaks 
at 24 hours while dsDNA and MPO peaked at 3 days. All 

plasma NETosis biomarkers levels exhibited resolution 
from peak during our seven day timeline reaching their 
respective baselines by day 5 post stroke. A previous mouse 
study reported that the level of CitH3 protein in brain tissue 
reached its peak around 3 to 5 days after stroke [21]. The 
delayed peak of CitH3 observed in the previous study could 
be due to the fact that it employed a distal MCAO model 
that results in smaller infarction and lower severity of BBB 
impairment. Moreover, there may be an interval between 
neutrophils infarct infiltration and their ongoing NETosis 
and CitH3 release in brain. However, such a relationship 
between NETosis biomarker peaks in peripheral blood and 
brain parenchyma remains to be tested. Previous human data 
showed that the maximum lesion volume was reached at 
day 3 after stroke onset, plateaued at day 4, and then slowly 
decreased starting on day 5 [22]. This human data along with 
our and others’ preclinical data suggests that the detection and 

Figure 4: Brain IR affects correlation between NETosis biomarkers and peripheral immune cells. Pearson correlation analysis was used 
to identify the relationship between NETosis biomarkers and peripheral immune cell counts. The concentration of plasma NE was correlated 
with A) Neu (%) and B) Lym (%). The concentration of plasma CitH3 was correlated with C) Neu (%), D) Leu. The concentration of plasma 
MPO was correlated with E) Neu (%) and F) Lym (%).
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tracking of plasma NETosis biomarkers may be a promising 
strategy for optimizing NETosis –based therapies aimed at 
mitigating cerebral infarction progression. 

NE and MPO are both released from neutrophils and 
can facilitate histone decondensation and exacerbate 
NETosis. A recent study reported that a neutrophil elastase 
inhibitor (Agaphelin) exhibited a neuroprotective effect by 
reducing infarct volume, improving neurological function 
and decreasing mortality following ischemic stroke in mice 
[23]. The antithrombotic effects, promotion of brain tissue 
survival, and inhibition of thromboinflammation identifies 
neutrophil elastase inhibitors as another potential treatment 
option for ischemic stroke. MPO plasma concentration in 
patients suffering from acute cerebral ischemia has also shown 
positive correlation with stroke severity and worse outcome 
[24]. Our study, along with this additional data suggests 
potential strategies for early intervention of NETosis with 

Figure 5: Brain IR affects correlation between NETosis biomarkers and peripheral immune cell ratios. Pearson correlation analysis 
was used to identify the relationship between NETosis biomarkers and peripheral immune cell ratios. The concentration of plasma NE was 
correlated with A) Neu/Lym and B) Neu/Leu. The concentration of plasma CitH3 was correlated with C) Neu/Lym and D) PLT/Neu. The 
concentration of plasma MPO was correlated with E) Neu/Leu and F) PLT/Lym. 

efficacy monitoring via plasma NET biomarkers consequently 
resulting in better outcomes after AIS. Evidence shows that 
neutrophil counts increase after AIS and higher circulating 
neutrophil counts are independently associated with higher 
mortality rates and worse outcomes in patients with AIS [20, 
21, 24]. However, it is not fully understood how the profiles 
of peripheral blood cells change with time after stroke. To 
address these key questions, whole blood cell counts were 
assessed at multiple time points after ischemia-reperfusion 
in this study. It was found that neutrophils dramatically 
increased while leukocytes, lymphocytes, and monocytes 
significantly decreased on day 1 and day 2 after AIS. Our 
finding is further supported by another MCAO study in 
which an increase in leukocyte levels was observed within 15 
minutes of reperfusion and the levels decreased significantly 
at 24-hours post-reperfusion[25]. Interestingly, human 
patients are presented with higher leukocytes at the time of 
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admission and these levels remain elevated for at least the first 
24-hours after AIS [20]. This discrepancy in leukocytes level 
between the preclinical models and clinical observation at 
24-hours is possible because of the percentage of neutrophils 
in peripheral WBCs, generally 20-30% in mice [26] and 50-
70% in humans. Therapeutic interventions, such as tPA or 
endovascular thrombectomy, may also modify leukocyte 
profiles in the first 24-hours post-stroke [20, 27]. However, 
a comprehensive study is required to fully understand the 
discrepancies found in human and preclinical stroke studies. 
In our study, the data show that peripheral blood cell profiles 
gradually returned to their basal level by day 7 post stroke. 
Interestingly, the correlation analysis showed a significant, 
positive relationship between the concentrations of CitH3, 
NE, and MPO in mice plasma and neutrophil counts, while 
a significant inverse correlation was observed between the 
concentrations of plasma NETosis biomarkers (NE, CitH3, 
and MPO) with leukocyte and lymphocyte counts. This data 
suggest that higher plasma CitH3, NE, and MPO may be 
positively associated with worse outcomes in mice; however, 
further investigation is needed to confirm this hypothesis and 
its clinical implication.

Recently, the changes in neutrophil, lymphocyte, and 
platelet ratios as well as their relationship with the stroke 
neurologic score, mortality rate, and overall post-stroke 
functional outcomes has attracted much attention [20, 24, 28, 
29]. A higher neutrophil to lymphocyte ratio was associated 
with increased stroke severity and worse outcomes [24]. We 
observed a significant increase in neutrophil to lymphocyte 
ratios from day 1 to day 3, and an increase in platelet to 
lymphocyte ratios at day 1. Correlations between neurological 
function scores and changes in the ratios of neutrophil to 
lymphocyte and platelet to lymphocyte were also reported 
[20]. Several studies have demonstrated that an elevated 
neutrophil to lymphocyte ratio may be an independent 
predictor for stroke outcomes [19, 20, 24, 28, 29]. As expected, 
the data from this study shows that the ratios of neutrophil 
to lymphocyte, neutrophil to leukocyte, lymphocyte to 
monocyte, and platelet to lymphocyte dramatically increased, 
while the ratio of platelet to lymphocyte significantly 
decreased on day 1 and day 2 in mice after AIS. Importantly, 
there was a significant positive correlation between the 
concentration of plasma NETosis biomarkers (CitH3, NE, 
and MPO) and neutrophil to lymphocyte ratio. Conversely, 
there was an inverse correlation between the concentration 
of plasma NETosis biomarkers (CitH3 and NE) and platelet 
to neutrophil ratio. Whether there are similar relationships 
between the concentrations of NETosis biomarkers and the 
ratios of these cells in human patients with AIS remains to 
be investigated.

Conclusions
Taken together, there were significant changes in 

NETosis biomarkers in mice plasma after stroke, and there 
were relationships between the concentrations of NETosis 
biomarkers (CitH3, NE, and MPO) in mice plasma and 
peripheral immune cell counts (leukocyte, neutrophil, and 
lymphocyte), as well as between NETosis biomarkers 
concentrations and neutrophil to lymphocyte ratio. These 
data suggest that NETosis biomarkers (CitH3, NE, and MPO) 
could be potential therapeutic targets for AIS treatment.
Further investigation is needed to better understand whether 
the evolution of plasma NETosis biomarkers correlate with 
NETosis-based therapies to mitigate brain infarction and 
improve functional outcomes.
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