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Background: Symptomatic intracranial hemorrhage (sICH) after intravenous thrombolysis is closely related to the poor outcome of stroke.

Aims: To determine the serum biomarkers associated with sICH based on the INTRECIS study.

Methods: Enrolled patients with sICH and without any ICH were matched by propensity score matching with the ratio of 1:1. Preset 49 biomarkers were measured by protein microarray analysis. Gene Ontology and Pathway Enrichment Analysis and protein-protein interaction network (PPI) were analyzed in the identified biomarkers.

Results: Of the consecutive 358 patients, eight patients occurred with sICH, which was assigned as an sICH group, while eight matched patients without any ICH were assigned as a Non-sICH group. A total of nine biomarkers were found significantly different between groups, among which the levels of interferon (IFN)-γ and interleukin (IL)-4 were higher, while the levels of C-reactive protein (CRP), glial cell line-derived neurotrophic factor (GDNF), insulin-like growth factor-binding protein (IGFBP)-6, lymphatic vessel endothelial hyaluronan receptor (LYVE)-1, matrix metalloprotein (MMP)-2, plasminogen activator inhibitor (PAI)-1, and platelet-derived growth factor (PDGF)-AA were lower in the sICH group compared with those in the Non-sICH group.

Conclusions: Our finding indicated that baseline serum CRP, GDNF, IFN-γ, IGFBP-6, IL-4, LYVE-1, MMP-2, PAI-1, and PDGF-AA levels were associated with post-thrombolytic sICH in stroke.
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INTRODUCTION

Intravenous thrombolysis, with recombinant tissue plasminogen activator (rtPA), is an effective treatment for acute ischemic stroke within 4.5 h of symptom onset (1). Symptomatic intracranial hemorrhage (sICH) is a rare but severe complication following intravenous thrombolysis, which is closely related to disability and death (2). Thus, it is critical to identify the predictive biomarkers for post-thrombolytic sICH.

Previous studies have investigated clinical, radiological, and laboratory risk factors of hemorrhagic transformation in ischemic stroke (3–8). Contributing to proteolysis, oxidative stress, and leukocyte infiltration in hemorrhagic transformation (9), several biomarkers were found associated with hemorrhagic transformation (10), However, serum biomarkers for post-thrombolytic sICH have not been fully determined.

In INtravenous Thrombolysis REgistry for Chinese Ischemic Stroke within 4.5 h of onset (INTRECIS) (11), five centers were pre-designed to consecutively collect blood samples prior to intravenous thrombolysis for additional exploratory research. In the present study, we measured baseline serum levels of 49 well-known biomarkers in patients with thrombolysis, matched with sICH vs. Non-sICH and tried to identify the associated biomarkers with sICH and their interactions through protein microarray analysis.



METHODS


Study Population and Procedure

From August 2018 to July 2019, patients receiving intravenous thrombolysis within 4.5 h after symptom onset were consecutively screened to collect blood samples prior to thrombolysis from five pre-set stroke centers in the INTRECIS study (registered at ClinicalTrials.gov NCT 02854592). The INTRECIS is a nationwide, multi-center, prospective, and registry study of consecutive adult patients who were eligible for treatment with intravenous thrombolysis within 4.5 h of the onset of symptoms. Details of the study design and results of the primary outcomes have been reported recently (11). The inclusion criteria were that patients received a standard dose of rtPA (0.9 mg/kg, maximum 90 mg; manufacturer: Boehringer Ingelheim) within 4.5 h after the symptoms onset. The exclusion criteria were as follows: (1) patients received urokinase, (2) patients received a non-standard dose of rtPA, (3) patients received an endovascular intervention, (4) patients lacked complete clinical data, and (5) blood samples were not collected prior to intravenous thrombolysis. All the patients and/or their legal guardians gave written informed consent for data collection. According to the presence or absence of sICH, enrolled patients were divided into two groups, namely, (1) sICH group: patients with sICH and (2) Non-sICH group: patients without any ICH. Furthermore, propensity score matching was performed between groups with the ratio 1:1, the caliper of 0.1, and a nearest-neighbor matching strategy, and operated with control factors including age, gender, current smoking, alcohol consumption, systolic blood pressure, diastolic blood pressure, blood glucose, symptom onset-to-treatment time, National Institutes of Health Stroke Scale (NIHSS) score at admission, the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification (12), previous use of antiplatelet, and medical history.

The baseline characteristics and clinical data of recruited patients were obtained from an electronic database. This included age, gender, current smoking, alcohol consumption, systolic blood pressure, diastolic blood pressure, blood glucose, symptom onset-to-thrombolytic time, NIHSS scores, TOAST classification, previous use of antiplatelet, history of stroke, hypertension, diabetes mellitus, atrial fibrillation, and congestive heart failure. All patients underwent a brain computerized tomography scan at admission and 24 h after intravenous thrombolysis (or earlier when a neurological worsening occurred) to evaluate the presence of intracranial hemorrhage. According to European Cooperative Acute Stroke Study (ECASS)—II definition, sICH was defined as an increase of ≥4 on the NIHSS scores caused by intracranial hemorrhage within 36 h (13).



Ethics Approval

The study was centrally approved by the Institution Human Research Ethics Committees of General Hospital of Northern Theater Command.



Blood Sampling and Biomarkers Measurements

About 4 ml of peripheral venous blood samples were collected from each patient just prior to intravenous thrombolysis. The blood samples were centrifuged at 1,000 × g for 10 min at 4°C, and then transferred into a 1.8-milliliter cryotube and stored at −80°C until measurement.

According to the instructions of the manufacturer, pre-customized protein microarray analysis (Raybiotech Inc.) was used to simultaneously detect and quantify the 49 biomarkers in the collected blood samples, which were preset based on published data. Identified biomarkers were defined as those variations with p < 0.05, and fold change > 1.20 or <0.83. Functional enrichment analysis and protein-protein interactions (PPI) network were performed to explore the possible mechanism between identified biomarkers.



Statistical Analysis

Descriptive statistics was performed to compare variables between two groups. Continuous variables with normal distribution were described as means and standard deviation. Continuous variables include age, systolic blood pressure, diastolic blood pressure, blood glucose, symptom onset to thrombolysis time, NIHSS score, and detected serum concentration of biomarkers. The t-tests were used to analyze the normally distributed continuous variables. Categorical variables were described as numbers and proportions. Categorical variables included gender, current smoking, alcohol consumption, medical history, previous use of antiplatelet, and TOAST classification. The Pearson χ2 tests were used to analyze the categorical variables.

The value of p is obtained from the moderated t-statistic with a false discovery rate of adjustment for multiple testing. In all analyses, differences were considered statistically significant with a p < 0.05. The free statistical language R (version 3.10.3) was used for the outcomes and graph in the propensity score matching and microarray analysis.




RESULTS

As shown in (Figure 1), 358 patients with thrombolysis were consecutively screened in the present study and 234 patients were excluded for different reasons as follows: 135 patients received urokinase, 25 received a non-standard dose of rtPA, 10 patients received the endovascular intervention, three patients with incomplete clinical data, and 61 patients without blood sample collection. Finally, 124 patients were recruited into the current study, including five patients with asymptomatic intracranial hemorrhage, eight patients with sICH, and 111 patients without any ICH 36 h after intravenous thrombolysis. With the ratio 1:1, eight patients without any ICH and eight patients with sICH were matched to the non-sICH group and sICH group for comparative analysis, respectively (Figure 1). There was no significant difference in the baseline characteristics between the two groups (Table 1).


[image: Figure 1]
FIGURE 1. Flow diagram. rtPA, recombinant tissue plasminogen activator; sICH, symptomatic intracranial hemorrhage.



Table 1. Baseline characteristics in symptomatic intracranial hemorrhage (sICH) and Non-sICH groups.
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Biomarkers Identification According to Baseline Serum Levels

Compared with the non-sICH group, nine significantly different biomarkers in the sICH group were observed (p < 0.05). Patients with sICH showed higher pretreatment serum levels of interferon (IFN)-γ and interleukin (IL)-4, and lower pretreatment serum levels of C-reactive protein (CRP), glial cell line-derived neurotrophic factor (GDNF), insulin-like growth factor-binding protein (IGFBP)-6, lymphatic vessel endothelial hyaluronan receptor (LYVE)-1, matrix metalloprotein (MMP)-2, plasminogen activator inhibitor (PAI)-1, and platelet-derived growth factor (PDGF)-AA than the matched patients in Non-sICH (Table 2). The scatter and volcano plot showed results of all the measured biomarkers (Figures 2A,B). The heatmap and column plot showed the results of the identified biomarkers (Figures 2C,D).


Table 2. Detected pretreatment serum levels of identified biomarkers.
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FIGURE 2. Results of detected biomarkers in the microarray analysis. (A) The scatter plot for detected biomarkers; the X-axis represents the average of log2 serum levels in the symptomatic intracranial hemorrhage (sICH) group, while the Y-axis represents the average of log2 serum levels in Non-sICH group; compared with Non-sICH group, the blue point represents biomarkers with lower serum levels in sICH group, while the red point represents biomarkers with higher serum levels. sICH, symptomatic intracranial hemorrhage. (B) The volcano plot for detected biomarkers; the X-axis represents the log2 fold-change value, while the Y-axis represents the –log10 P value; the cyan point represents the biomarkers with significant difference, while the red point represents the biomarkers without significant difference. sICH, symptomatic intracranial hemorrhage. (C) The column plot for identified biomarkers; the X-axis represents the identified biomarkers, while the Y-axis represents the average of log2 serum levels in two groups; the deep color represents the sICH group, while the light color represents the Non-sICH group. CRP, C-reactive protein; GDNF, glial cell line-derived neurotrophic factor; IFN-γ, interferon gamma; IGFBP-6, insulin-like growth factor binding protein 6; IL-4, interleukin 4; LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; MMP-2, matrix metalloprotein 2; PAI-1, plasminogen activator inhibitor 1; PDGF-AA, platelet-derived growth factor AA; sICH, symptomatic intracranial hemorrhage. (D) The heatmap for identified biomarkers; the red color represents biomarkers with higher serum levels, while the blue color represents the biomarkers with lower serum levels; the darker the color, the more significant the difference of biomarkers. CRP, C-reactive protein; GDNF, glial cell line-derived neurotrophic factor; IFN-γ, interferon gamma; IGFBP-6, insulin-like growth factor binding protein 6; IL-4, interleukin 4; LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; MMP-2, matrix metalloprotein 2; PAI-1, plasminogen activator inhibitor 1; PDGF-AA, platelet-derived growth factor AA; and sICH, symptomatic intracranial hemorrhage.




Function Enrichment and PPI Network Analysis

The comprehensive Gene Ontology (GO) enrichment analysis was used to gain a deeper insight into the main functions of the identified biomarkers. The GO analysis consisted of biological process, molecular function, and cellular component analysis. The biological process analysis showed that GDNF, IFN-γ, and PAI-1 were mostly included in the regulation of epithelial cell differentiation (Figure 3A). The molecular function analysis showed that GDNF, IL-4, and PDGF-AA were mostly included in the growth factor activity (Figure 3B). The cellular component analysis showed that PAI-1 and PDGF-AA were mostly included in the platelet alpha granule lumen (Figure 3C). The Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis showed that IFN-γ, IL-4, and PDGF-AA were included in the Jatyrosine Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) signaling pathway (Figure 3D).


[image: Figure 3]
FIGURE 3. Protein function analysis of identified biomarkers. (A) Top 20 significantly enriched biological process of identified biomarkers; the X-axis represents the enrichment, while the Y-axis represents the biological process. (B) The molecular function enriched by identified biomarkers; the X-axis represents the enrichment, while the Y-axis represents the molecular function. (C) The cellular component enriched by identified biomarkers; the X-axis represents the enrichment, while the Y-axis represents the cellular component. (D) The pathway enriched by identified biomarkers; the X-axis represents the enrichment, while the Y-axis represents the pathway. The deeper the color, the larger the P value; the larger the circle, the bigger the counts.


Based on the information of the Search Tool for the Retrieval of Interacting Genes (STRING) database, the PPI network constructed by the above nine identified biomarkers was obtained (Figure 4). The results showed that MMP-2 (degree = 5) could interact with most biomarkers, followed by IFN-γ (degree = 4), PAI-1 (degree = 4), CRP (degree = 4), IL-4 (degree = 4), and PDGF-AA (degree = 1).
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FIGURE 4. Protein-protein interaction network of identified biomarkers. The CRP indicates C-reactive protein; GDNF, glial cell line-derived neurotrophic factor; IFNG, interferon gamma; IGFBP6, insulin-like growth factor binding protein 6; IL4, interleukin 4; LYVE1, lymphatic vessel endothelial hyaluronan receptor 1; MMP2, matrix metalloprotein 2; SERPINE1, plasminogen activator inhibitor 1; PDGFA, and platelet-derived growth factor AA.





DISCUSSION

In the present study, we found that baseline serum levels of 9 biomarkers were differently expressed in thrombolytic patients with sICH compared with Non-sICH group: higher IFN-γ and IL-4, and lower CRP, GDNF, IGFBP-6, LYVE-1, MMP-2, PAI-1, and PDGF-AA. Of those biomarkers, IGFBP-6, LYVE-1, and PDGF-AA were firstly found associated with sICH.

Up to date, several mechanisms and potential biomarkers for sICH were previously investigated (9, 10). In the present study, we found that IFN-γ and IL-4 were higher in the patients with sICH, while MMP-2, PAI-1, CRP, and GDNF were lower in the patients with sICH, compared with Non-sICH patients. Of those biomarkers, higher IFN-γ and lower PAI-1, CRP, and GDNF seem plausible based on their possible effects as previously reported. For example, the role of lower PAI-1 and CRP in the unbalance between fibrinolysis and thrombosis (14, 15) is the contribution of higher IFN-γ to blood-brain barrier disruption (16) and the neuroprotective effect of GDNF (17). However, higher IL-4 and lower MMP-2 seem unreasonable, given the neuroprotective effect of IL-4 and the blood-brain barrier disruptive effect of MMP-2 (18, 19). We argue that the roles of these biomarkers are very complex, which is further supported by the result of PPI network analysis that there were interactions in IFN-γ, MMP-2, PAI-1, and CRP. Taken together, we inferred that these biomarkers were associated with sICH possibly by blood-brain barrier disruption, unbalance between thrombosis and fibrinolysis, and disruption of endogenous neuroprotection.

For the first time, we found that lower PDGF-AA, IGFBP-6, and LYVE-1 were associated with sICH. The previous studies suggested that lower PDGF-AA may be associated with lower endothelial remodeling degree and higher vascular permeability (20). The IGFBP-6 was found to have an inhibitory role in regard to the actions of IGF-II (21), which was associated with brain injury (22). Collectively, we infer that lower PDGF-AA and IGFBP-6 may indirectly contribute to the development of sICH. As to the association of LYVE-1 with sICH, no related reports were available to date. Thus, the role of these biomarkers in sICH warrants further investigation.

Additionally, we did not detect a significant difference in other preset biomarkers, such as MMP-9, which has been reported to be associated with post-thrombolytic hemorrhagic transformation (23, 24). A possible explanation is that MMP-9 was measured after hemorrhagic transformation in these previous studies while it was measured before hemorrhagic transformation in the current study, which may suggest the dynamic role of MMP-9 in the development of hemorrhagic transformation.

Based on functional enrichment analysis, epithelial cell differentiation, growth factor activity, platelet alpha granule lumen, and JAK/STAT signaling pathway were significantly enriched items. As the initial phase of blood-brain barrier disruption, brain microvascular endothelial cell injury, induced by stroke, played a key role in hemorrhagic transformation (25). Growth factors, like GDNF secreted by pericytes, protected the endothelial cells through enhancing the expression of tight junction protein (26). In addition, blocking JAK/STAT signaling pathway was found to relieve blood-brain barrier disruption (27). Therefore, we inferred that epithelial cell differentiation, growth factor activity, and JAK/STAT signaling pathway may be associated with hemorrhagic transformation through blood-brain barrier disruption.

The strength of this study was to explore the key biomarkers associated with post-thrombolytic sICH through comprehensively screening the preset biomarkers in a prospective cohort and find several new biomarkers, which have never been reported previously. However, we acknowledge that our study has several limitations. First, it is a small-sample study with only eight stroke patients with post-thrombolytic sICH and blood samples. Thus, the results should be further confirmed by a large cohort study with different subtype hemorrhagic transformations, such as asymptomatic and symptomatic intracranial hemorrhage. Second, these identified biomarkers were not confirmed by other methods, such as western blot analysis, enzyme-linked immunosorbent assay, or other in vivo experiments. Finally, although the effect of identified biomarkers was independent of other preset biomarkers, the different levels as a result of an acute-phase reaction or previous systemic diseases cannot be ruled out.



CONCLUSION

Our finding indicated that baseline serum levels of CRP, GDNF, IFN-γ, IGFBP-6, IL-4, LYVE-1, MMP-2, PAI-1, and PDGF-AA were associated with post-thrombolytic sICH in acute ischemic stroke. The role and predictive value of these identified biomarkers warrant further investigation.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://doi.org/10.5281/zenodo.5801880.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Institution Human Research Ethics Committees of General Hospital of Northern Theater Command. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



AUTHOR CONTRIBUTIONS

H-SC designed and reviewed. W-HM supervised the manuscript writing. YC conducted the analyses and drafted the manuscript. YZ, S-YC, B-YS, and L-HW contributed to the implementation of blood sample collection. All authors contributed to the article and approved the submitted version.



FUNDING

The study was funded by grants from National Key R&D Program of China (2017YFC1308203), the Project on Research and Application of Effective Intervention Techniques for Chinese Stroke Guidelines from the National Health, and Family Planning Commission in China (GN-2016R0008).



ACKNOWLEDGMENTS

We thank all participating hospitals, relevant clinicians, and statisticians. We also thank all patients who participated in the present study.



REFERENCES

 1. Hacke W, Kaste M, Bluhmki E, Brozman M, Dávalos A, Guidetti D, et al. Thrombolysis with alteplase 3 to 45 hours after acute ischemic stroke. N Engl J Med. (2008) 359:1317–29. doi: 10.1056/NEJMoa0804656

 2. Yaghi S, Willey JZ, Cucchiara B, Goldstein JN, Gonzales NR, Khatri P, et al. Treatment and outcome of hemorrhagic transformation after intravenous alteplase in acute ischemic stroke: a scientific statement for healthcare professionals from the American Heart Association/American Stroke Association. Stroke. (2017) 48:e343–61. doi: 10.1161/STR.0000000000000152

 3. The NINDS t-PA Stroke Study Group. Intracerebral hemorrhage after intravenous t-PA therapy for ischemic stroke. Stroke. (1997) 28:2109–18. doi: 10.1161/01.STR.28.11.2109

 4. Uyttenboogaart M, Koch MW, Koopman K, Vroomen PC, De Keyser J, Luijckx GJ. Safety of antiplatelet therapy prior to intravenous thrombolysis in acute ischemic stroke. Arch Neurol. (2008) 65:607–11. doi: 10.1001/archneur.65.5.noc70077

 5. Poppe AY, Majumdar SR, Jeerakathil T, Ghali W, Buchan AM, Hill MD, et al. Admission hyperglycemia predicts a worse outcome in stroke patients treated with intravenous thrombolysis. Diabetes Care. (2009) 32:617–22. doi: 10.2337/dc08-1754

 6. Mundiyanapurath S, Hees K, Ahmed N, Wahlgren N, Uhlmann L, Kieser M, et al. Predictors of symptomatic intracranial haemorrhage in off-label thrombolysis: an analysis of the safe implementation of treatments in stroke registry. Eur J Neurol. (2018) 25:340–e11. doi: 10.1111/ene.13507

 7. Larrue V, von Kummer RR, Müller A, Bluhmki E. Risk factors for severe hemorrhagic transformation in ischemic stroke patients treated with recombinant tissue plasminogen activator: a secondary analysis of the European-Australasian Acute Stroke Study (ECASS II). Stroke. (2001) 32:438–41. doi: 10.1161/01.STR.32.2.438

 8. Barber PA, Demchuk AM, Zhang J, Buchan AM. Validity and reliability of a quantitative computed tomography score in predicting outcome of hyperacute stroke before thrombolytic therapy. ASPECTS Study Group Alberta stroke programme early CT score. Lancet. (2000) 355:1670–4. doi: 10.1016/S0140-6736(00)02237-6

 9. Wang W, Li M, Chen Q, Wang J. Hemorrhagic transformation after tissue plasminogen activator reperfusion therapy for ischemic stroke: mechanisms, models, and biomarkers. Mol Neurobiol. (2015) 52:1572–9. doi: 10.1007/s12035-014-8952-x

 10. Álvarez-Sabín J, Maisterra O, Santamarina E, Kase CS. Factors influencing haemorrhagic transformation in ischaemic stroke. Lancet Neurol. (2013) 12:689–705. doi: 10.1016/S1474-4422(13)70055-3

 11. Wang X, Li X, Xu Y, Li R, Yang Q, Zhao Y, et al. Effectiveness of intravenous rtPA versus UK for acute ischaemic stroke: a nationwide prospective Chinese registry study. Stroke Vasc Neurol. (2021) 6:603–9. doi: 10.1136/svn-2020-000640

 12. Adams HP Jr, Bendixen BH, Kappelle LJ, Biller J, Love BB, Gordon DL, et al. Classification of subtype of acute ischemic stroke. Definitions for use in a multicenter clinical trial. TOAST. Trial of Org 10172 in Acute Stroke Treatment. Stroke. (1993) 24:35–41. doi: 10.1161/01.STR.24.1.35

 13. Hacke W, Kaste M, Fieschi C, von Kummer R, Davalos A, Meier D, et al. Randomised double-blind placebo-controlled trial of thrombolytic therapy with intravenous alteplase in acute ischaemic stroke (ECASS II). Second European-Australasian acute stroke study investigators. Lancet. (1998) 352:1245–51. doi: 10.1016/S0140-6736(98)08020-9

 14. Ribo M, Montaner J, Molina CA, Arenillas JF, Santamarina E, Quintana M, et al. Admission fibrinolytic profile is associated with symptomatic hemorrhagic transformation in stroke patients treated with tissue plasminogen activator. Stroke. (2004) 35:2123–7. doi: 10.1161/01.STR.0000137608.73660.4c

 15. Danenberg HD, Szalai AJ, Swaminathan RV, Peng L, Chen Z, Seifert P, et al. Increased thrombosis after arterial injury in human C-reactive protein-transgenic mice. Circulation. (2003) 108:512–5. doi: 10.1161/01.CIR.0000085568.13915.1E

 16. Yilmaz G, Arumugam TV, Stokes KY, Granger DN. Role of T lymphocytes and interferon-gamma in ischemic stroke. Circulation. (2006) 113:2105–12. doi: 10.1161/CIRCULATIONAHA.105.593046

 17. Yang C, Zhou L, Gao X, Chen B, Tu J, Sun H, et al. Neuroprotective effects of bone marrow stem cells overexpressing glial cell line-derived neurotrophic factor on rats with intracerebral hemorrhage and neurons exposed to hypoxia/reoxygenation. Neurosurgery. (2011) 68:691–704. doi: 10.1227/NEU.0b013e3182098a8a

 18. Liu J, Jin X, Liu KJ, Liu W. Matrix metalloproteinase-2-mediated occludin degradation and caveolin-1-mediated claudin-5 redistribution contribute to blood-brain barrier damage in early ischemic stroke stage. J Neurosci. (2012) 32:3044–57. doi: 10.1523/JNEUROSCI.6409-11.2012

 19. Liu X, Liu J, Zhao S, Zhang H, Cai W, Cai M, et al. Interleukin-4 is essential for microglia/macrophage M2 polarization and long-term recovery after cerebral ischemia. Stroke. (2016) 47:498–504. doi: 10.1161/STROKEAHA.115.012079

 20. Hyacinth HI, Gee BE, Adamkiewicz TV, Adams RJ, Kutlar A, Stiles JK, et al. Plasma BDNF and PDGF-AA levels are associated with high TCD velocity and stroke in children with sickle cell anemia. Cytokine. (2012) 60:302–8. doi: 10.1016/j.cyto.2012.05.017

 21. Bach LA, Fu P, Yang Z. Insulin-like growth factor-binding protein-6 and cancer. Clin Sci (Lond). (2013) 124:215–29. doi: 10.1042/CS20120343

 22. Guan J, Williams CE, Skinner SJ, Mallard EC, Gluckman PD. The effects of insulin-like growth factor (IGF)-1, IGF-2, and des-IGF-1 on neuronal loss after hypoxic-ischemic brain injury in adult rats: evidence for a role for IGF binding proteins. Endocrinology. (1996) 137:893–8. doi: 10.1210/endo.137.3.8603600

 23. Montaner J, Molina CA, Monasterio J, Abilleira S, Arenillas JF, Ribó M, et al. Matrix metalloproteinase-9 pretreatment level predicts intracranial hemorrhagic complications after thrombolysis in human stroke. Circulation. (2003) 107:598–603. doi: 10.1161/01.CIR.0000046451.38849.90

 24. Wang L, Gao Z. Expression of MMP-9 and IL-6 in patients with subarachnoid hemorrhage and the clinical significance. Exp Ther Med. (2018) 15:1510–4. doi: 10.3892/etm.2017.5553

 25. Li H, Gao A, Feng D, Wang Y, Zhang L, Cui Y, et al. Evaluation of the protective potential of brain microvascular endothelial cell autophagy on blood-brain barrier integrity during experimental cerebral ischemia-reperfusion injury. Transl Stroke Res. (2014) 5:618–26. doi: 10.1007/s12975-014-0354-x

 26. Cai W, Liu H, Zhao J, Chen LY, Chen J, Lu Z, et al. Pericytes in brain injury and repair after ischemic stroke. Transl Stroke Res. (2017) 8:107–21. doi: 10.1007/s12975-016-0504-4

 27. Gong P, Zhang Z, Zou Y, Tian Q, Han S, Xu Z, et al. Tetramethylpyrazine attenuates blood-brain barrier disruption in ischemia/reperfusion injury through the JAK/STAT signaling pathway. Eur J Pharmacol. (2019) 854:289–97. doi: 10.1016/j.ejphar.2019.04.028

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Cui, Zhao, Chen, Sheng, Wang, Meng and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fneur-13-751912-t001.jpg
Variables sICH Non-sICH P Value

h=8) (h=8)
Demographics
Age, years, mean  SD 641114  645+999 0945
Gender, male, n (%) 3(37.5) 3@75  1.000
Current smoking, n (%) 1(12.5) 2250 0522
Alcohol consumption, n (%) 1(12.5) 1(12.5) 1.000
Medical history, n (%)
Stroke 2(25.0) 2(@50)  1.000
Hypertension 7(87.5) 6(750) 0552
Diabetes melitus 2(25.0) 2(250) 0634
Atrial fibrilation 0(0.0) 1(125) 0302
Congestive heart failure 3(37.5) 4(50.0) 0.614
Previous use of antiplatelet 1(12.5) 1(125)  1.000
Baseline scales, mean  SD
Systolic blood pressure, mmHg 1603=17.4 1506+ 137 0239
Diastolic blood pressure, mmHg 913+45  884%119 0532
Blood glucose, mmol/L 899264  7.46+210 0219
Symptom onset to thrombolysis time, min 168.5+64.2  181.3+483 0,661
NIHSS score at admission 68+57 48+56 0488
NIHSS score after sICH 275+ 150
TOAST classification, n (%) 0504
Large artery atherosclerosis 4(50.0) 3(37.5)
Cardioembolism 0(0.0) 2(25.0)
Small artery occlusion 1(12.5) 1(12.5)
Undetermined cause 3(37.5) 2(25.0)

NIHSS indicates Netional Institute of Health Stroke Scale; SD, standrd deviation;
SICH, symptomatic intracranial hemorrhage; TOAST, the Tral of Org 10172 in Acute
Stroke Treatment.





OPS/images/fneur-13-751912-t002.jpg
Biomarkers Pretreatment serum levels PValue Fold

change
SICH Non-sICH
n=8) n=8
Mean  SD, pg/ml
CRP 276570 £1023.99  4636.24 £832.82 0038 057
GDNF 18223 £180.16  42063+187.63 0010 024
IFN-y 37.62 +82.70 1.98+4.13 0036 508
IGFBP-6  87543.59 + 9245.23 5197331+ 10099.90 0003  0.71
IL-4 47.77 + 49.00 14.25 9,01 0015 297
LYVE-1 100281+ 97.88  1331.03+£9588 0005 075
MMP-2 71.71 £ 87.02 80.37 +34.63 0036 029
PAI-1 18131.84 £ 4286.61 17774.75£2477.54 0046  0.70

PDGF-AA 1789.68 £349.52  2439.55 £ 311.09 0.036 0.73

CRP indicates G-reactive protein; GONF; glal cellline-dierived neurotrophic factor; IFN-
interferon gemme; IGFBP-6, insulin-like growth factor bindling protein 6; IL-4, interfeukin 4;
LYVE-1, lymphatic vessel endothelial hyaluronan receptor 1; MMP-2, matrix metalloprotein
2; PAI-1, plasminogen ectivator inhibitor 1; PDGF-AA, platelet-derived growth factor AA;
SD, standard deviation; sICH, symptomatic intracranial hemorrhage.






OPS/images/fneur-13-751912-g003.gif





OPS/images/fneur-13-751912-g004.gif





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Association of Serum Biomarkers With Post-Thrombolytic Symptomatic Intracranial Hemorrhage in Stroke: A Comprehensive Protein Microarray Analysis From INTRECIS Study



		Introduction



		Methods



		Study Population and Procedure



		Ethics Approval



		Blood Sampling and Biomarkers Measurements



		Statistical Analysis







		Results



		Biomarkers Identification According to Baseline Serum Levels



		Function Enrichment and PPI Network Analysis







		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		References

















OPS/images/cover.jpg
, frontiers
in Neurology

Association of Serum Biomarkers
With Post-Thrombolytic Symptomatic
Intracranial Hemorrhage in Stroke: A

Comprehensive Protein Microarray

Analysis From INTRECIS Study





OPS/images/fneur-13-751912-g001.gif
Pateatswith scote ischemic sroke
[N——————
55

[E——
Recivedmobiass

39
Receivedsonatiodad doseof A (-29)
Recivd endorsetar ervenion (3+10)
Incomplete sl o (273

Blood sampes wer ot cllected o st

rombetis o6

EEEER)

Patest ith ICH B —
= =
Propeasy Score Mcting
an
—
CH Gro 1B Gonp
s s






OPS/images/fneur-13-751912-g002.gif
i i 1 N
i =

Jill _










OPS/images/crossmark.jpg
©

2

i

|





OPS/images/logo.jpg
, frontiers
in Neurology





