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Abstract 

Stroke is a leading cause of death, as onset induces an innate immune response using Toll-like 
receptor 4 (TLR4), which promotes inflammation and blood-brain barrier (BBB) permeability. 
TLR4 is a receptor for high-mobility group box 1 (HMGB1), a non-histone protein involved in 
inflammation and secreted by endothelial cells (ECs) in the BBB. Angiopoietin-2 is another 
inflammatory protein known to increase BBB permeability. The role of Angiopoietin-2 in EC 
activation following cerebral ischemia is not known. Therefore, this study used oxygen glucose 
deprivation (OGD) to stimulate in vitro ischemia to assess Angiopoietin-2 in rat brain microvascular 
ECs. We found that Angiopoietin-2 levels increase after 20 hour OGD, but not statistically 
significant. Angiopoietin-2 levels return to baseline after 20 hour OGD with reperfusion. Thus, 
Angiopoietin-2 may play an important role in BBB permeability following focal cerebral ischemia. 
Therapies directed at modulating Angiopoietin-2, following cerebral ischemia, may be important in 
treating ischemia stroke. 

 

Introduction 

Cerebral ischemia, or stroke, is among the top five leading causes of death (14). After onset 

of stroke, the high mobility group box 1 (HMGB1) is released into peripheral blood from the central 

nervous system(15), and binds to ligand receptor toll-like receptor 4 (TLR4) to activate 

inflammatory pathways and initiate an innate immune response (13). Even though HMGB1 is not 

the focus of the study, it is still important to address the role HMGB1 plays in initiating 

inflammatory pathways, as this study examines the role of another inflammatory protein on BBB 

permeability. HMGB1 is secreted in a variety of cells, including monocytes and macrophages (7), 

endothelial cells (ECs) (8), and brain glial cells (9) upon inflammatory stimulation. 

Among the various types of cells in the neurovascular unit (NVU), ECs are one of the first 

cells exposed to cellular injury (13). Since ECs are the primary component of the blood-brain barrier 

(BBB) and the structural interface between the brain and vasculature, stroke onset will oftentimes 

directly affect ECs and lead to increased BBB permeability (13). More specifically, the tight 

junctions (TJs) within ECs that hold the BBB together, become disrupted in stroke, and previous 
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studies have found that the proteins within these TJs (occludin, claudin-5, and ZO-1) get degraded 

(18, 22).  

Given that ischemic stroke injury prevents blood and oxygen flow to the brain and activates 

inflammatory pathways after onset through TLR4 signaling, vascular remodeling and angiogenesis 

usually take place afterwards to help replenish the blood and oxygen supply and facilitate recovery 

(21). Hence, angiopoietins (Ang-s), a class of angiogenic growth factors heavily involved in 

inflammatory processes, play a prominent role in the vessel maintenance and growth of the brain 

after ischemic stroke (17). Angiopoietins interact with TIE-2, a tyrosine kinase receptor found 

primarily in endothelial cells (17). TIE-2 is known to interact, downstream, with PI3K-Akt, which 

has known roles in maintaining cell junctions (25). 

There are two primary Ang-s involved in inflammation: Ang-1 and Ang-2. While Ang-1 

signaling with TIE-2 reduces the permeability of ECs and enhances vascular stabilization, Ang-2 

competes with Ang-1 at EC junctions, thereby decreasing vascular stability and increasing cell 

permeability (16). Although TLR4 and Ang-2 both contribute to inflammation, the actual 

mechanism of the inflammatory response, and whether TLR4 mediates Ang-2 levels in ECs in the 

BBB is not completely understood. Moreover, the role of Angiopoietin-2 in EC activation following 

cerebral ischemia is not known, as shown in Figure 1 below. 

 
Figure 1: Proposed schematic of how stroke activates subsequent inflammatory pathways and 
increases BBB permeability. 
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It is hypothesized that ischemic stroke, modeled in the form of oxygen glucose deprivation 

(OGD) in in vitro rat brain microvascular endothelial cells will result in increased angiopoietin-2 and 

decreased occludin levels. The experimental studies done with occludin served as a method of 

internal validation, given that previous studies have that found that occludin degradation occurs after 

ischemic stroke onset (18,22). 

Preliminary Data 

Previous studies have found that 20 hour OGD in endothelial cells result in upregulation of TLR4 

mRNA, shown in Figure 2 below.  

 

Figure 2: TLR4 RQ value message levels in HPSC-derived Endothelial Cells following OGD and 
tissue plasminogen activator (tPA) treatment. 

Given the results of TLR4 upregulation from 20 hour endothelial cell OGD and the role of 

TLR4 in the innate immune response, further exploration of 20 hour OGD can give more insight on 

the effect of angiopoietin-2 and occludin within rat brain microvascular endothelial cells. 

Methods 

Oxygen Glucose Deprivation (OGD) (in vitro) 

The OGD model was adopted to mimic ischemic injury in vitro. Rat brain microvascular 

endothelial cells (RBMECs) were seeded in RBMEC growth media from Cell Applications, Inc. 

(San Diego), and kept in normoxic conditions (19% O2, 5% CO2) at 37°C until cells became 
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confluent. The sample groups for the OGD experiment are shown in Table 1. Each group 

corresponded to a plate. 

Table 1: OGD Experimental Groups 

1 20 hour control 

2 20 hour OGD 

3 44 hour control 

4 20 hour OGD with 24 hour Reperfusion (OGDR) 

 

To run the OGD experiment, media was first aspirated, and each plate was washed with 4 mL 

of pre-warmed media. The 20 hour OGD and 20 hour OGDR plates were washed with glucose-free 

basal media (Cell Applications), whereas the 20 and 44 hour control plates were washed with only 

basal media (Cell Applications). After the wash, 10 mL of appropriate media was added to each 

plate. Control plates were placed in normoxic conditions (19% O2, 5% CO2) at 37°C, and OGD 

plates were placed in hypoxic conditions (1% O2, 5% CO2) at 37°C. Lysates from the plates were 

collected and stored at -20°C for Western analysis. 

Three replicates of OGD experiments were run for subsequent cytotoxicity and Western 

analysis. 

Cytotoxicity Assay 

Cytotoxicity of RBMECs in response to OGD treatments was estimated by a lactate 

dehydrogenase (LDH) assay kit (LDH-Glo Cytotoxicity Assay, Promega). The media from the plates 

was collected for a cell viability assay according to the manufacturer’s protocol and performed to 

assess the amount of cell death after OGD treatments relative to their respective controls. We 

collected three different dilutions of media (1:10, 1:20, and 1:50) in the LDH storage buffer for 

preliminary cytotoxicity analysis, to determine the optimal dilution for the assay. All measurements 

were performed in triplicates. 
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Protein Quantification and Western Blotting 

The Pierce BSA Protein Assay Kit (Thermo Scientific) was used to quantify the lysate 

supernatant, following protein centrifugation, and to prepare the samples for Western analysis. 

Sample protein concentrations ranged from 0.3-0.5ug/ul, and were prepared with Sample Reducing 

Agent (Invitrogen), LDS Sample Buffer (Invitrogen), and lysis buffer. 

Aliquots of Western samples (7.5-9ug/lane), corresponding to the different OGD 

experimental groups, were loaded on NuPAGE bis-Tris 4-12% gradient gels (Invitrogen) and run at 

130V for 1.5 hours. Gels were then transferred using a Power Blotter Transfer System 

(ThermoFisher) to a polyvinylidene fluoride (PVDF) membrane (Invitrogen, PB5210) and dried.  

To image the blots, the PVDF membranes were first activated in 100% methanol, rinsed with 

ultra-pure water, and then 1X PBS before blocking with a PBS blocking buffer (Licor, 927-700001) 

at room temperature for 1 hour. Following one-hour blocking, 0.2% Tween20 (SigmaAldrich, 

P9416) and primary antibodies occludin (1:1000, Abcam) and Angiopoietin-2 (1:1000, Abcam,) 

were added to the blocking solution for overnight incubation on a shaker at 4⁰C. Beta actin (1:1000, 

Proteintech) was also added along with the primary antibodies as a loading control. 

After overnight incubation, the primary antibody solution was discarded, and membranes 

were washed 3 times for 5 minutes each with 1X PBS-T (0.1% Tween20) and placed on a shaker at 

room temperature. Next, the blots were incubated with a secondary antibody, IRDye 800CW 

Donkey anti-Rabbit IgG (Licor), which was added to the blocking buffer, along with 0.2% Tween20 

and 0.01% SDS. Each membrane was protected from light and blocked for 1 hour on a room 

temperature shaker. Following incubation with the secondary antibody, each membrane was rinsed 3 

additional times for 5 minutes each with 1X PBS-T (0.1% Tween20) on a room temperature shaker. 

Finally, each membrane was rinsed with 1X PBS and imaged with a Licor Odyssey Imaging System. 

Statistical Analysis 

 For cytotoxicity fold change analysis, the 20 hour control served as the reference to which 

the 20 hour OGD sample was compared. The 44 hour control served as the reference to which the 20 

hour OGDR was compared. Average luminescence values ± standard deviation was used to 

determine if the fold change for the OGD treatment groups from the cytotoxicity assay was 

statistically significant. A one-tailed statistical t-test analysis was used to determine if the fold 
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changes for occludin and angiopoietin-2 differed after OGD treatment in comparison to their 

respective controls. A probability value<0.05 was regarded as statistically significant. 

Results       

Cytotoxicity assay results are highly variable                                                                                                                                                                                                                       

 The cytotoxicity assay (Promega) generated luminescence data that is correlated with the 

amount of cell death. Results of this study are shown in Figure 3. The OGD experiment 

corresponding to Figure 3 was done at low oxygen levels ranging from 1-3.5%. 

  

Figure 3: Mean luminescence fold change in RBMECs after OGD treatment.  

Figure 3 shows luminescence levels, which reflect LDH levels, in OGD and OGDR 

compared to controls. Both OGD and OGDR are expected to increase LDH levels and hence 

luminescence levels. Therefore, OGD treatment groups are expected to have a greater fold change in 

luminescence in comparison to their respective controls. Based on this assumption, the 1:20 dilution 

was used for further cytotoxicity analysis of the remaining replicates (Figure 4). The OGD 

experiments were carried out at 1.0% oxygen levels. 

0
0.2
0.4
0.6
0.8

1
1.2
1.4
1.6
1.8

2

20 hr ctrl 20 hr OGD 44 hr ctrl 20 hr OGDR

M
ea

n 
Lu

m
in

es
ce

nc
e 

Fo
ld

 C
ha

ng
e

Experimental Groups
1:10 Dilution 1:20 Dilution 1:50 Dilution



 7 

  

Figure 4: Mean luminescence fold change in RBMECs after OGD treatment.  

Figure 4 shows that the trends of how the OGD experiment affected cell death relative to the 

control varies for both the 20 hour OGD and the 20 hour OGDR at the 1:20 dilution. The standard 

deviations are large and overlapping, indicative that the differences between the fold changes for the 

20 hour OGD and the 20 hour OGDR groups are not statistically different compared to their 

respective controls. 

Occludin levels do not decrease after 20 hr OGD or with reperfusion 

 Western blotting was used to measure how occludin and angiopoietin-2 levels changed after 

OGD treatment to RBMECs. The image of the bands corresponding to occludin and its loading 

control beta actin is shown in Figure 5 below. 
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Figure 5: Occludin bands from Western blotting (n=3).  

Figure 5 shows that in general, the occludin bands in all the replicates are faint, which may 

contribute to additional error in the fold change analysis and the amount of protein loaded per lane. 

Fold change Western analysis for occludin is shown in Figure 6 below.  

 

Figure 6: Effect of OGD on occludin levels in RBMECs.  

The Western fold change analysis from Figure 6 shows that the average occludin/beta actin 

fold change level across three replicates for 20 hour OGD treatment was 0.00146, which was greater 

than the average fold change for the 20 hour control of 0.00111. The average fold change difference 

between the 20 hour OGD and the 20 hour control is not statistically different (p-value=0.739).  
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Moreover, the occludin average fold change for 44 hour control group was 0.00136, which 

was larger than the average fold change of 0.00141 for the 20 hour OGDR group. The difference 

between these results was also not statistically significant (p-value=0.593).  

Ang-2 levels are upregulated after 20 hr OGD and returned to baseline after reperfusion 

The image of the bands corresponding to angiopoietin-2 is shown in Figure 7 below. 

 

Figure 7: Angiopoietin-2 bands from Western blotting (n=3).  

Figure 7 shows the bands for Ang-2 are strong, with little background signals that would 

affect quantification of the band signals. Fold change Western analysis for angiopoietin-2 is shown 

in Figure 8 below.  

 

 

Figure 8: Effect of OGD on Ang-2 levels in RBMECs.  
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The Western fold change analysis from Figure 8 shows that the average angiopoietin-2/beta 

actin fold change level across three replicates for 20 hour OGD treatment was 0.187, which was 

greater than the average fold change for the 20 hour control of 0.165. However, the average fold 

change difference between the 20 hour OGD and the 20 hour control is not statistically different (p-

value=0.110).  

Moreover, the Ang-2 average fold change for 44 hour control group was 0.203, which was 

larger than the average fold change of 0.188 for the 20 hour OGDR group. The difference between 

these results was also not statistically significant (p-value=0.308).  

Discussion 

 The goal of this study was to use cytotoxicity and Western analysis to determine the effects 

of oxygen glucose deprivation on angiopoietin-2 in rat brain endothelial cells. It is currently known 

that after stroke onset, many cells that help constitute the BBB release HMGB1 into peripheral 

blood, which binds to a TLR4 ligand receptor that activates downstream inflammation pathways 

(13,15). Moreover, angiopoietin-2 is known to be active at endothelial cell junctions by destabilizing 

vasculature and increasing cell permeability as a result of inflammation (16,17). However, despite 

the prominent roles TLR4 and Ang-2 play in inflammatory processes, the mechanism between TLR4 

and Ang-2 and whether TLR4 mediates Ang-2 levels in endothelial cells in the BBB is not very well 

understood. Moreover, the role of Ang-2 in EC activation following cerebral ischemia is not known. 

Hence, this study employed RBMEC in an in vitro model of ischemia, OGD and subsequent 

Western analysis to determine how angiopoietin-2 levels changed after 20 hour OGD and 20 hour 

OGD with reperfusion treatment relative to their respective controls. Cytotoxicity assays were also 

run to assess the amount of cell death after OGD treatments relative to their respective controls. 

Studies with occludin served as a method of internal control, since previous studies found occludin 

degradation after ischemic stroke onset (18,22). 

Even though results for Ang-2 comparing the 20 hour OGD to 20 hour control are not 

statistically significant, the upregulated fold change observed from 20 hour OGD is biologically 

important. A potential explanation that explains why angiopoietin-2 levels were elevated after the 20 

hour OGD relative to control is because angiopoietin-2 expression increases rapidly in the early 

stages of brain injury while angiopoietin-1 levels decrease (24). Given that angiopoietin-2 and 
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angiopoietin-1 are known to compete for TIE-2 at endothelial cell junctions, angiopoietin-2 levels 

may dominate more in the 20 hour OGD rather than the 20 hour OGDR experimental group (16,24). 

Additionally, the lack of significant cell death from the cytotoxicity studies may also explain why 

Ang-2 levels were not robustly increased in the OGD groups from baseline levels.  

Moreover, it was observed that the Ang-2 fold change from the 20 hour OGDR treatment 

group relative to 44 hour control was slightly lower. While this finding was also not statistically 

significant, there are potential biological explanations for this observed fold change trend. For the 20 

hour OGDR treatment group, the 24 hour reperfusion that follows the 20 hour OGD may be enough 

time to allow for angiopoietin-1 levels to increase again and outcompete angiopoietin-2 for TIE-2, 

promoting vascular stabilization (16,24). 

Alternatively, another explanation as to why the average fold change between the 20 hour 

OGDR and the 44 hour control was not statistically significant is that the 44 hour control group had 

an overgrowth of cells that subsequently triggered angiopoietin-2 signaling. Previous studies have 

shown that potent angiogenesis factors such as acidic fibroblast growth factor (aFGF) and basic 

fibroblast growth factor (bFGF) are not secreted proteins, but rather released from cells through 

alternative mechanisms such as cell lysis (23). Given that cells grown in vitro also have tendencies 

to lyse upon overgrowth, cell lysis in the 44 hour control group could potentially indirectly trigger 

angiogenesis and release factors like angiopoietin-2 (23). This would be more likely to occur in the 

44 hour control group instead of the 20 hour control group, because the cells have an additional 24 

hours to grow under normoxic conditions, and were already grown to confluence prior to starting 

any OGD experiments.  

The results generated from the cytotoxicity assays and the occludin Western analysis were 

unexpected. First, with respect to the cytotoxicity, while Figure 3 suggests that the 1:20 dilution 

produced luminescence fold change results that most closely matched the expected hypothesis, the 

fact that all three dilutions produced different trends of how the OGD experiment affected cell death 

relative to the control was unexpected. The variability of the results from Figure 3 (used to select an 

optimal dilution for the replicates) hence weakens the validity of the cytotoxicity data depicted in 

Figure 4. The trends of cytotoxicity data in Figure 4 indicate that the differences between the fold 

changes for the 20 hour OGD and the 20 hour OGDR groups were not statistically different 
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compared to their respective controls. Thus, the degree of cell death during OGD may not have been 

great enough to trigger the decrease in occludin levels predicted to occur during OGD.  

Next, the results generated from the Western analysis for occludin were also unexpected. The 

experimental studies done with occludin were originally done as a method of internal validation, 

because of the previous studies that confirmed that stroke led to increased permeability of the BBB 

and increased degradation of tight junction proteins (occludin, ZO-1, and claudin-5) in endothelial 

cells (18, 22). However, it is seen in Figure 6 that there is substantial variation across all three 

replicates between the fold changes of OGD and OGDR and their respective controls. Additionally, 

the t-test statistical analysis found that the differences between the fold changes for the 20 hour OGD 

and the 20 hour OGDR groups are not statistically different compared to their respective controls. 

While these results do not support the hypothesis and previous studies’ findings that OGD treatment 

leads to decreased occludin levels, a plausible explanation may be due to the low amount of protein 

used for Western blots (7.5-9ug/lane) compared to other published studies (20 ug/lane). There were 

reduced amounts of protein available for Western studies since half of the lysates obtained from each 

of the OGD experiments was isolated for future RNA studies. As seen in Figure 5, the bands 

corresponding to occludin for the 3 replicates are all very faint. The occludin bands corresponding to 

replicate 3 have additional background staining that also may serve as a confounding factor in 

quantifying the signals for that replicate specifically.  

Another potential explanation for why OGD did not decrease occludin levels could be that 

the cell death results in the OGD group from cytotoxicity were not significant, and hence not great 

enough to trigger occludin degradation within the tight junctions of the endothelial cells. Therefore, 

the faintness of the bands, decreased and variable range of protein concentrations, and lack of 

significant cell death could have skewed the quantification of the results that do not align with the 

hypothesis.  

Limitations and Future Directions 

Given that occludin levels were predicted to decrease after OGD treatments, assessing a 

decrease in signal strength from weak Western blot band signals introduced additional error and 

weakened the validity of the study. Thus, future Western studies should use consistent protein 

concentrations across all replicates, for improved internal validity.  
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Since the standard deviations of the fold change results for both occludin and Ang-2 were 

large, increasing the number of replicates, or using Western samples with a higher amount of protein 

in each lane could have improved the statistical significance of the results. Moreover, running the 

experiment with media that had growth factors ± glucose rather than basal media ± glucose could 

also improve the trends observed from this study, as media with growth factors would have likely 

facilitated better cell growth for the control groups. 

Next, the methods used in this study should be further studied when investigating the 

knowledge gap between TLR4 and Ang-2. Since the cytotoxicity and Western blotting methods 

implemented in this study cannot give insight into whether TLR4 mediates Ang-2 in inflammatory 

processes like cerebral ischemia, future studies are required to expand upon these findings to 

determine changes in Ang-2 message levels following OGD. In addition, these findings need to be 

validated in vivo using brain sections from experimental focal cerebral ischemia rodent models. 

Other important future studies would include determining whether Ang-2 expression during in vitro 

or in vivo ischemia is controlled by other inflammatory signaling pathways such as the TLR4-

signaling pathway. 

Some possible methods to explore when conducting these future studies include reverse 

transcription-polymerase chain reaction (RT-PCR) and immunohistochemistry (IHC). RT-PCR 

could provide more information as to whether the genes upstream responsible for production of the 

Ang-2 protein are upregulated by OGD treatments. Wild-type rats can serve as the control group, 

and TLR4 knockout rats can serve as the experimental group. Evaluation of colocalization of Ang-2 

with an endothelial cell marker in IHC would provide more insight into how the TLR4 pathway 

affects Ang-2 after stroke onset. Moreover, IHC methods can be used to assess Ang-2 levels in vivo 

in rodent brain endothelial cells following focal cerebral ischemia. 

Conclusion  

Overall, this study found a trend that angiopoietin-2 levels increase when rat brain 

microvascular endothelial cells are subject to 20 hour OGD relative to the 20 hour control. 

Moreover, angiopoietin-2 levels do not change when RBMECs are subject to 20 hour OGDR 

relative to the 44 hour control, suggesting that reperfusion may restore Ang-2 levels back to baseline 

following the 20 hour OGD. While occludin levels were measured for internal validity of the OGD 
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experiments, high signal to noise ratios from the Western bands, variation in the protein amount 

loaded for Western blotting, and lack of significant differences in cell death following OGD likely 

affected the predicted decrease in occludin levels.  

Hence, these results show that Ang-2 levels change in the expected direction with respect to 

the in vitro ischemia model. This serves as an important first step in determining the role of Ang-2 in 

BBB permeability following focal cerebral ischemia in future in vivo studies.  

References 
1) Hayakawa K, Arai K, Lo EH. Role of ERK map kinase and CRM1 in IL-1beta-stimulated release 
of HMGB1 from cortical astrocytes. Glia. 2010;58(8):1007–1015. 
2) Luo Y, Li S-J, Yang J, Qiu Y-Z, Chen F-P. HMGB1 induces an inflammatory response in 
endothelial cells via the RAGE-dependent endoplasmic reticulum stress pathway. Biochem Biophys 
Res Commun. 2013;438(4):732–738. 
3) Fiuza C, Bustin M, Talwar S, et al. Inflammation-promoting activity of HMGB1 on human 
microvascular endothelial cells. Blood. 2003;101(7):2652–2660. 
4) Mitola S, Belleri M, Urbinati C, et al. Cutting edge: extracellular high mobility group box-1 
protein is a proangiogenic cytokine. J Immunol. 2006;176(1):12–15. 
5) Tang D, Kang R, Xiao W, Wang H, Calderwood SK, Xiao X. The anti-inflammatory effects of 
heat shock protein 72 involve inhibition of high-mobility-group box 1 release and proinflammatory 
function in macrophages. J Immunol. 2007;179(2):1236–1244. 
6) Scaffidi P, Misteli T, Bianchi ME. Release of chromatin protein HMGB1 by necrotic cells 
triggers inflammation. Nature. 2002;418(6894):191–195. 
7) Bonaldi T, Talamo F, Scaffidi P, et al. Monocytic cells hyperacetylate chromatin protein HMGB1 
to redirect it towards secretion. EMBO J. 2003;22(20):5551–5560. 
8) Kawahara K-I, Hashiguchi T, Kikuchi K, et al. Induction of high mobility group box 1 release 
from serotonin-stimulated human umbilical vein endothelial cells. Int J Mol Med. Spandidos 
Publications; 2008;22(5):639–644. 
9) Passalacqua M, Patrone M, Picotti GB, et al. Stimulated astrocytes release high-mobility group 1 
protein, an inducer of LAN-5 neuroblastoma cell differentiation. Neuroscience. 1998;82(4):1021–
1028. 
10) Treutiger CJ, Mullins GE, Johansson A-SM, et al. High mobility group 1 B-box mediates 
activation of human endothelium. Journal of Internal Medicine. 2003. p. 375–
385http://dx.doi.org/10.1046/j.1365-2796.2003.01204.x. 
11) Senftleben U, Karin M. The Ikk/nf-κb pathway. Crit Care Med. LWW; 2002;30(1):S18–S26. 
12) Ghosh S, May MJ, Kopp EB. NF-kappa B and Rel proteins: evolutionarily conserved mediators 
of immune responses. Annu Rev Immunol. 1998;16:225–260. 
13) Famakin BM, Vemuganti R. Toll-Like Receptor 4 Signaling in Focal Cerebral Ischemia: a Focus 
on the Neurovascular Unit. Mol Neurobiol. 2020;57(6):2690–2701. 
14) Benjamin Emelia J., Virani Salim S., Callaway Clifton W., et al. Heart Disease and Stroke 
Statistics—2018 Update: A Report From the American Heart Association. Circulation. American 
Heart Association; 2018;137(12):e67–e492. 
15) Ye Y, Zeng Z, Jin T, Zhang H, Xiong X, Gu L. The Role of High Mobility Group Box 1 in 
Ischemic Stroke. Front Cell Neurosci. 2019;13:127. 



 15 

16) Liu, J., Wang, Y., Akamatsu, Y., Lee, C. C., Stetler, R. A., Lawton, M. T., & Yang, G.-Y. 
(2014). Vascular remodeling after ischemic stroke: mechanisms and therapeutic potentials. Progress 
in Neurobiology, 115, 138–156. 
17) Kranidioti, H., Orfanos, S. E., Vaki, I., Kotanidou, A., Raftogiannis, M., Dimopoulou, I., 
Kotsaki, A., Savva, A., Papapetropoulos, A., Armaganidis, A., & Giamarellos-Bourboulis, E. J. 
(2009). Angiopoietin-2 is increased in septic shock: evidence for the existence of a circulating factor 
stimulating its release from human monocytes. Immunology Letters, 125(1), 65–71. 
18) Freitas-Andrade, M., Raman-Nair, J., & Lacoste, B. (2020). Structural and Functional 
Remodeling of the Brain Vasculature Following Stroke. Frontiers in Physiology, 11, 948. 
19) Augustin, H. G., Koh, G. Y., Thurston, G., & Alitalo, K. (2009). Control of vascular 
morphogenesis and homeostasis through the angiopoietin-Tie system. Nature Reviews. Molecular 
Cell Biology, 10(3), 165–177. 
20) Gurnik, S., Devraj, K., Macas, J., Yamaji, M., Starke, J., Scholz, A., Sommer, K., Di Tacchio, 
M., Vutukuri, R., Beck, H., Mittelbronn, M., Foerch, C., Pfeilschifter, W., Liebner, S., Peters, K. G., 
Plate, K. H., & Reiss, Y. (2016). Angiopoietin-2-induced blood–brain barrier compromise and 
increased stroke size are rescued by VE-PTP-dependent restoration of Tie2 signaling. In Acta 
Neuropathologica (Vol. 131, Issue 5, pp. 753–773). https://doi.org/10.1007/s00401-016-1551-3 
21) Adamczak, J., & Hoehn, M. (2015). Poststroke Angiogenesis, Con. In Stroke (Vol. 46, Issue 5). 
https://doi.org/10.1161/strokeaha.114.007642 
22) Yuan, S., Liu, K. J., & Qi, Z. (2020). Occludin regulation of blood-brain barrier and potential 
therapeutic target in ischemic stroke. Brain Circulation, 6(3), 152–162. 
23) Klagsbrun, M., & D’Amore, P. A. (1991). Regulators of angiogenesis. Annual Review of 
Physiology, 53, 217–239. 
24) Chen, X., Wang, Q., Zhan, L., & Shu, A. (2016). Effects and mechanisms of docosahexaenoic 
acid on the generation of angiopoietin-2 by rat brain microvascular endothelial cells under an 
oxygen- and glucose-deprivation environment. SpringerPlus, 5(1), 1518. 
25) David, S., Kümpers, P., van Slyke, P., & Parikh, S. M. (2013). Mending leaky blood vessels: the 
angiopoietin-Tie2 pathway in sepsis. The Journal of Pharmacology and Experimental Therapeutics, 
345(1), 2–6. 
 
 


