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Abstract 
Ischemic stroke is an important disease leading to death and disability for all 
human beings, and the key to its treatment lies in the early opening of ob-
structed vessels and restoration of perfusion to the local infarcted area. Intra-
venous thrombolysis with tissue plasminogen activator (tPA) is one of the ef-
fective therapies to achieve revascularization, but it faces strict indications 
with a narrow therapeutic time window, and significantly increases the inci-
dence of hemorrhagic transformation, HT, after reperfusion of the infarcted 
foci, which greatly reduces the incidence of patients with ischemic stroke. 
which significantly increases the incidence of hemorrhagic transformation 
(HT) after reperfusion of the infarcted focus, greatly reducing patient utiliza-
tion and clinical benefit. Since the mechanism of HT has not been fully elu-
cidated, and the related molecular mechanisms are complex and interactive, 
there is no specific and effective therapy to avoid the occurrence of HT. In 
this article, we focus on the research progress on the mechanism of HT after 
tPA intravenous thrombolysis in ischemic stroke patients from the aspects of 
vascular integrity disruption, oxidative stress, and neuroinflammatory response 
and the corresponding therapeutic strategies, in order to improve the safety 
and prognosis of tPA intravenous thrombolysis in the clinic. 
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1. Introduction 

Acute ischemic stroke (AIS) is a group of diseases in which blood flow is im-
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peded due to narrowing or occlusion of cerebral blood vessels, resulting in 
ischemia and hypoxia in the blood-supplying region of the blood vessels, lead-
ing to death of brain cells and corresponding neurological deficits. AIS has a 
very high morbidity and disability rate globally, which seriously affects people’s 
health and quality of life. Timely restoration of the obstructed blood flow at the 
early stage of the disease is an effective therapeutic measure to save the ischemic 
semi-dark band, in which intravenous thrombolysis is more convenient than 
other endovascular interventions, such as mechanical thrombolysis, and the 
price is low and the acceptance of the patient is high; therefore, it is the most 
widely used and mature in the clinic. Currently, tissue plasminogen activator 
(tPA) is the only effective drug approved by the U.S. FDA for the treatment of 
AIS, but serious complications such as hemorrhagic transformation (HT) can 
occur, affecting patient prognosis or even causing early death [1]. Data show 
that symptomatic intracranial hemorrhage is an independent risk factor for 
death within 3 months in patients with AIS [2]. Therefore, it is necessary to 
understand the mechanism of HT and the latest therapeutic agents after tPA 
intravenous thrombolysis in patients with AIS, which will greatly improve the 
safety of tPA intravenous thrombolysis in the clinic and greatly reduce the 
heavy economic burden of the families of the patients while improving their 
prognosis. 

The molecular mechanisms underlying the development of HT by intravenous 
thrombolysis and reperfusion in ischemic stroke are extremely complex and are 
still being explored. One of the main pathophysiological mechanisms of HT is 
the disruption of the integrity of the blood-brain barrier (BBB), which is exacer-
bated by ischemia-hypoxia-induced BBB disruption in patients with AIS after 
recanalization of occluded blood vessels with tPA thrombolysis, causing damage 
to the entire neurovascular unit, including the extracellular matrix, endothelial 
cells, proteins, astrocyte terminals, pericytes, and basolateral membranes, astro-
cyte terminals, pericytes, and basement membranes. 

2. Physiological Properties of tPA 

TPA is a serine protease with multiple structural domains, which can be classi-
fied into endogenous tPA and exogenous tPA according to its source. tPA mainly 
converts inactive fibrinogen into active fibrinolytic enzymes in the vasculature, 
and then degrades the insoluble fibrinogen in the obstructed vasculature into 
soluble peptide fragments, thus restoring reperfusion of the infarcted area of the 
cerebral tissue.  

Endogenous tPA is mainly secreted by endothelial cells and neurons, and is 
involved in synaptic growth and development and the regulation of central nerv-
ous system functions. Studies have shown that Exposure of cerebral cortical neu-
rons to ischemic and hypoxic conditions accelerates the release and up-regulates 
the activity of endogenous tPA, disrupting the integrity of the BBB [3]. However, 
it has also been shown that tPA increases the survival of injured neuronal cells, is 
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a modulator of synaptic functional homeostasis in the central nervous system, 
and has neuroprotective effects [4]. 

Currently, the most widely used exogenous tPA in clinical application mainly 
refers to the second-generation thrombolytic agent recombinant human tissue-type 
plasminogen activator (rt-PA). rt-PA is synthesized through genetic engineering 
technology, and has a better thrombolytic effect. It has an extremely short 
half-life of about 4 - 6 minutes, mainly due to the presence of endogenous inhi-
bitors in the circulation that target its rapid action, such as plasminogen activa-
tor inhibitor-1 (PAR-1). PAR-1 binds to rt-PA and irreversibly inactivates it, 
forming an inhibitory complex that is metabolically cleared by the liver. Because 
of the short duration of the pharmacodynamic effect of rt-PA, larger doses are 
often used clinically to achieve a therapeutic effect. Traditionally, the time win-
dow of cerebral tissue perfusion refers to 0 - 3 h or 4.5 h after the onset of the 
disease, which is also the window of indication for intravenous thrombolytic 
therapy with rt-PA in patients with AIS. Moreover, there are strict indications 
and contraindications for the use of rt-PA in clinical practice, and it has been 
found that the later the occluded artery is treated with thrombolytic therapy, the 
greater the risk of HT and the worse the prognosis of patients. The results of a 
clinical randomized controlled study showed that rt-PA given to patients with 
mild AIS within 3 - 5 hours of the onset of the disease did not show significant 
major neurological improvement and increased the incidence of HT after 90 
days [5]. Also in the mouse ischemic mechanical model, rt-PA can induce HT in 
the infarct region in a dose-independent manner, and the presence of the 
rt-PA-induced in vitro thrombolytic product, TLP, can lead to an increase in in-
farct size and a deterioration of endothelial function, which can further increase 
the severity of bleeding [6]. 

In addition, the risk of developing HT after rt-PA thrombolysis is also related 
to the underlying conditions of patients with AIS and so on. The arterial walls of 
patients with long-term hypertension are inherently damaged to varying degrees, 
and these stroke patients are more likely to develop HT after rt-PA thrombolysis 
[7]. One study showed that the higher the baseline glucose in patients with AIS, 
the higher the incidence of HT later in life [8]. Studies have shown that inde-
pendent risk factors for HT include age, history of comorbid AF, and baseline 
NIHSS score [9]. Therefore, individualized evaluation of patients with AIS will 
help us to more standardize the treatment of tPA thrombolysis. 

3. Molecular Mechanism of HT 

The molecular mechanisms underlying the development of HT by tPA throm-
bolysis/reperfusion are extremely complex and are still being explored. Current-
ly, one of the main pathophysiologic mechanisms of HT is the disruption of the 
integrity of the blood-brain barrier (BBB). Here the present study focuses on 
several aspects of tPA-induced disruption of vascular integrity, oxidative stress, 
and neuroinflammatory responses in brief. 
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3.1. Disruption of Vascular Integrity 

It is clear that disruption of vascular integrity is the pathologic-structural basis 
for the development of HT. Studies have shown that thrombolytic therapy with 
tPA in patients with AIS can lead to hydrolysis of structural proteins such as 
collagen, laminin, and fibronectin, which increases BBB permeability, leakage 
and collapse of the intact neurovascular unit, and ultimately leads to blood extra-
vasation, the development of cerebral edema and HT, and further deterioration 
of the patient’s symptoms of neurological deficits [10]. 

Playing an important role are members of the matrix metalloproteinase (MMP) 
family, a large class of zinc-dependent endopeptidases that break down proteins 
that make up the basement membrane and extracellular matrix. In an experi-
mental ischemic stroke model, MMP-2, MMP-3, and MMP-9 are upregulated in 
ischemic brain tissue and mediate matrix protein degradation to disrupt the BBB 
[11]. Among them, the activation of MMP-9 has been most extensively studied 
for HT. Low-density lipoprotein-related receptor protein (LRP) regulates lipo-
protein metabolism and is one of the major binding sites for tPA on the surface 
of neuronal cells. Studies have shown that LRP expression is increased in ischemic 
brain tissue of AIS patients, and anti-LRP antibody treatment reduces the degree 
of brain edema. tPA binds to LRP under ischemic conditions, passes through the 
intact BBB into the brain parenchyma, and activates MMP-9 through the LRP- 
mediated related signaling pathway, leading to vascular injury causing HT [12]. 
An experimental study by Clark et al. in mice with a middle cerebral artery oc-
clusion (MCAO) model demonstrated that MMP-2 knockout stroke mice exhi-
bited smaller infarct size and lower incidence of hemorrhagic transformation af-
ter ischemia/reperfusion compared with wild-type mice [13]. Elevated MMP-2 
and MMP-9 in ischemic and reperfused brain tissues can lead to degradation of 
occludin and claudin-5 and repartitioning in microvascular endothelial cells 
mediated by caveolin-1, inducing an early opening of the BBB, which corres-
ponds to the time-dependent change in biphasic pattern of BBB infiltration after 
reperfusion [14]. Serum occludin levels increase proportionally to the degree of 
BBB injury, and it can be used alone or in combination with NIHSS scores to 
assess the risk of HT after tPA administration in stroke patients [15] [16]. In ad-
dition, high serum MMP-9 levels can be an independent predictor of the occur-
rence of HT after intravenous thrombolysis [17]. Recent studies have shown that 
inhibition of tPA activity can attenuate the expression of MMP-12 in brain tis-
sue, thereby reducing the infiltration of immune cells such as macrophages in 
the infarcted area and inhibiting the expression of microglia and other microgli-
al cells from M2 anti-inflammatory to M1 pro-inflammatory phenotypes, and 
attenuating reperfusion injury [18]. 

3.2. Oxidative Stress 

Oxidative stress is an important mechanism in the development and progression 
of many diseases and also plays an important role in tPA reperfusion-mediated 
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BBB injury induced HT. Free radicals mainly refer to reactive oxygen species 
(ROS) and reactive nitrogen species (RNS), which act as redox signaling mole-
cules in vivo to participate in cell proliferation, differentiation, and information 
transfer. The process of ischemia/reperfusion can cause the generation of excess 
free radicals, the main source of which is the mitochondrial respiratory chain, 
including NADPH oxidase (NOX) and cytochromes, etc., in addition to macro-
phages and mitochondrial polyunsaturated membranes, lipid peroxidation can 
also be generated. Excess free radicals lead to an imbalance in the body’s oxida-
tion-reduction regulatory capacity, oxidative stress occurs, destroying neurons, 
endothelial cells, etc., causing HT to occur [19]. Immunofluorescence analysis of 
brain sections from ischemic/reperfused rats showed that the mRNA and pro-
tein levels of NOX2 and NOX4 of the NOX family were significantly increased 
in rat neurons, astrocytes and endothelial cells, and peaked at 3 hours after re-
perfusion. In rats pretreated with the antioxidant drug melatonin, the expression 
of NOX2 and NOX4 was suppressed, and ROS levels were reduced, which alle-
viated the oxidative stress damage in neurons [20]. In addition, in another ani-
mal study, mice injected with Apocynin (NOX2 inhibitor) and with NOX2 
knockout showed less cerebral infarct volume and lower incidence of HT com-
pared with untreated wild-type control stroke mice [21]. 12/15-Lipoxygenase 
(12/15-LOX) is a key metabolizing enzyme of arachidonic acid. The cytotoxic 
activity of 12/15-LOX is up-regulated in neurons and endothelial cells under 
ischemic hypoxic conditions, and it can directly damage membrane-bound or-
ganelles, such as mitochondria, causing mitochondrial damage, which in turn 
causes redox imbalance in the brain microenvironment, and ultimately leads to 
necrotic apoptosis of neuronal cells [22]. In animal experiments, MCAO mice 
treated with the 12/15-LOX inhibitor ML351 or knockout showed less HT after 
tPA thrombolysis, and thus the safety of 12/15-LOX inhibitors can be improved 
by combining them with tPA [23]. 

3.3. Neuroinflammatory Response 

In recent years, many studies have found that the neuroinflammatory response is 
closely related to the development of HT after tPA-mediated intravenous throm-
bolysis. Under ischemic and hypoxic conditions, the body’s immune system is 
strongly activated, and CNS immune cells such as microglia and astrocytes se-
crete large amounts of pro-inflammatory mediators, which directly damage neu-
rons and the extracellular matrix. In addition, peripheral leukocytes such as neu-
trophils may migrate and infiltrate toward the lesion in response to chemokines, 
mediating BBB destruction, neuronal cell death, and HT development through a 
series of complex cascade reactions. 

It has been reported that in patients with AIS who developed HT after receiv-
ing arterial thrombolysis, they had significantly higher leukocyte counts than pa-
tients who did not develop HT [24]. Neutrophils are the most responsive sub-
population of leukocytes in the inflammatory microenvironment and play an 
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important role in the early destruction of the BBB. Exogenous rt-PA promotes 
neutrophil degranulation, which produces and releases large amounts of MMP-9 
into the bloodstream, inducing disruption of neurovascular integrity [25]. Stu-
dies have reported that serum neutrophil count before intravenous thrombolysis 
in patients with AIS is an independent predictor of HT after reperfusion [26]. In 
addition, inflammatory factors such as TNF-α, IL-1, IL-6 and IL-10 also pre-
dicted the occurrence of HT after thrombolysis [27]. In addition to this, the dy-
namic variables neutrophil to lymphocyte ratio, platelet-to-lymphocyte ratio, 
and lymphocyte-to-monocyte ratio were all associated with neurologic deteri-
oration such as HT after thrombolysis [28]. Hypoxia-inducible factor-1 (HIF-1) 
is an important transcription factor that regulates cellular oxygen adaptation and 
inflammatory responses under hypoxia. It has been demonstrated that blockade 
of β2-adrenergic receptors attenuates reperfusion injury by decreasing HIF-1 le-
vels [29]. Recent studies have shown that tPA administration induces high HIF-1 
expression in neurons and endothelial cells at the ischemic site, whereas applica-
tion of the HIF-1-inhibiting drug YC-1 reduces the occurrence of HT by block-
ing inflammatory cell infiltration mediated by activation of the HMGB1/TLR4/ 
NF-κB signaling pathway, and by increasing the expression of tight junction 
proteins in neurovascular units [30]. Platelet derived growth factor C (PDGF-C) 
has been shown to be a downstream substrate of tPA. Exogenous tPA injected 
intracerebroventricularly can activate PDGF-α receptors on astrocytes under 
non-ischemic conditions leading to a significant increase in BBB permeability, 
and administration of PDGFR-α antagonist imatinib significantly reduced the 
occurrence of tPA-mediated HT in stroke mice [31]. It should be noted that after 
stroke, damaged neurons can also secrete endogenous tPA as an intercellular 
signaling regulator to activate microglia, and activated microglia can continue to 
express tPA to form a positive feedback mediating the neuroinflammatory re-
sponse and the development of HT [32]. 

4. Progress of Research on HT Therapeutic Drugs 

Based on the molecular mechanisms and related targets of tPA reperfusion-mediated 
HT onset, a number of drugs have been developed for the treatment of HT and 
have been initially validated in relevant animal experimental models and clinical 
trials. 

MMPs can degrade matrix proteins to disrupt BBB integrity, and tPA can in-
duce upregulation of MMPs expression by activating multiple signaling cascade 
responses. Therefore, inhibition of MMPs activation may be an effective thera-
peutic strategy for the treatment of HT that occurs after intravenous thromboly-
sis with tPA in AIS patients. In the endothelial cell oxygen/glucose deprivation 
and reperfusion (OGD/R) model, pretreatment with the anesthetic agent isoflu-
rane inhibited the activation of the LRP/NF-κB/Cox-2 signaling pathway in en-
dothelial cells, and subsequently down-regulated the expression of MMP-2 and 
MMP-9 to attenuate tPA-induced ischemia-reperfusion injury [33]. It is note-
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worthy that MMP-10 can also be used alone or in combination with tPA to at-
tenuate the neurotoxicity of tPA itself and its mediated excitotoxicity, such as 
calcium overload, and thereby inhibit neuronal necrosis and apoptosis [34]. In 
another study, the MMP inhibitor minocycline in combination with tPA wi-
dened the time window for thrombolysis from 3 hours to 6 hours in patients 
with AIS [35]. Although MMPs inhibitors are able to protect BBB and anti-HT 
at animal level, they are not widely used in clinical practice, which may be due to 
the fact that MMPs are a class of downstream signaling molecules regulated by 
many signaling pathways, and only targeting MMPs cannot produce good the-
rapeutic effects. Adenosine A2b receptor (A2bR) is widely known to regulate pe-
ripheral vasoconstriction, and recent studies have found that the expression of 
A2bR on cerebral microvascular endothelial cells is also markedly upregulated 
after ischemia/reperfusion and can attenuate BBB disruption and secondary ce-
rebral edema, etc., by inhibiting MMP activation; therefore, addition of A2bR 
agonists can attenuate tPA-induced HT [36]. Vascular endothelial growth factor 
(VEGF) plays an important role in vascular regeneration and remodeling. Dur-
ing ischemia and reperfusion, VEGF expression increases in neurons and endo-
thelial cells and destroys the BBB by activating MMP-9 [37]. In a rat throm-
boembolic model, the incidence of HT was significantly lower in stroke mice 
administered a combination of tPA and an anti-VEGF neutralizing antibody 
than in those treated with tPA alone, and thus inhibition of the VEGF signaling 
pathway is also a promising therapeutic strategy to reduce the incidence of HT 
[38]. Edaravone, a strong free radical scavenger widely used in clinical practice, 
exerts neuroprotective effects by scavenging overproduced free radicals in ischem-
ic and reperfused brain tissue. In a randomized controlled study, rats treated 
with Edaravone in combination with r-tPA had a significantly lower incidence of 
HT after reperfusion compared with control rats treated with r-tPA alone, due to 
Edaravone’s ability to inhibit MMP-9 activity and NF-κB expression in endo-
thelial cells in a dose-dependent manner [39]. The natural active compound ba-
icalin attenuates HT caused by delayed tPA administration in AIS patients by 
inhibiting ONOO-mediated MMP-9 activation, and baicalin has no effect on the 
thrombolytic efficiency of tPA [40]. Uric acid is also a natural antioxidant, and 
co-administration of uric acid with r-tPA significantly reduced the volume of 
cerebral infarction, attenuated the inflammatory response of ischemic brain tis-
sue, and improved the functional score of neurological deficits in stroke mice by 
inhibiting ONOO-induced tyrosine nitration in the MCAO rat model [41]. Gly-
cyrrhizin can protect the BBB and ischemically damaged neurons by inhibiting 
the ONOO-/HMGB1/TLR2 signaling cascade to reduce the production of MMPs, 
inflammatory factors, and excessive free radicals in ischemic brain tissues [42]. 
Natural products, with their multi-target properties, safety and efficacy, have 
become hotspots for innovative drug discovery. 

5. Summary 

Intravenous thrombolysis with tPA is a very effective and widely used method of 
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revascularization in the hyperacute phase of AIS, which is more convenient than 
interventional procedures such as endovascular mechanical thrombolysis. How-
ever, HT is a common complication of tPA thrombolysis, which can cause fur-
ther deterioration of neurological deficit symptoms in stroke patients and even 
lead to early death. The development of HT is not the result of a single pathoge-
netic factor, but rather involves the intersection, synergy, and dynamics of mul-
tiple molecular mechanisms centered on damage to the entire neurovascular unit, 
including the extracellular matrix, endothelial cells, tight junction proteins, as-
trocyte terminals, pericytes, and basement membranes. While exerting thrombo-
lytic effects, TPA also has potential neurotoxicity, which can trigger different 
signaling pathways in the cerebral ischemic-hypoxic microenvironment and ac-
tivate a series of oxidative stress and neuroimmune responses mediating reper-
fusion injury, leading to the occurrence of HT. Continuously exploring the cy-
tological and molecular mechanisms of HT development induced by tPA throm-
bolysis will help us to develop specific inhibitors and some corresponding phys-
ical therapies for the drug targets. In addition, we can explore more biomarkers 
for early prediction, reduce the incidence of HT before and after tPA thrombo-
lysis. 

It is important to note, however, that drug development for currently discov-
ered mechanisms and targets does not address the treatment and prevention of 
HT. Firstly, the results of animal experiments and clinical trials differ greatly. 
Some drugs proved to be effective at the animal level, but ineffective or even ag-
gravated HT in the clinic, which is mainly related to the selection of animal 
models, physiological differences between humans and animals, and pharmaco-
dynamic evaluation criteria. Therefore, it is necessary to choose animal models 
that are consistent with the pathogenesis of HT in humans and pharmacody-
namic evaluation methods that are close to those of humans for the development 
of HT drugs. Secondly, the efficacy of the same drug in the same animal model 
varies, which is related to the choice of drug treatment strategy, time of admin-
istration, dosage, and observational indexes, etc. Therefore, we should develop a 
more standardized drug administration strategy, and try to carry out large-scale 
clinical trials to evaluate the efficacy and safety of drugs. In addition, drug-drug 
interactions between tPA and other therapeutic molecules are crucial for trans-
lating research results into clinical practice. Considering the tPA thrombolytic 
time window and drug availability, the development of new-generation throm-
bolytic drugs with long thrombolytic window and low adverse effects and natu-
ral therapeutic factors with high biosafety and wide sources are important re-
search directions. Combining nanomaterials for targeted controlled release of 
drugs is also a hot research topic in HT therapy. In summary, with the continuous 
exploration of HT mechanisms and therapeutic targets, the development of HT 
therapeutic drugs will certainly be promoted, and the safety of intravenous 
thrombolytic therapy with tPA in AIS patients will be increased, so that more pa-
tients can benefit from it. 

https://doi.org/10.4236/ym.2024.81004


Y. Dai et al. 
 

 

DOI: 10.4236/ym.2024.81004 37 Yangtze Medicine 
 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Liu, S., Feng, X., Jin, R. and Li, G. (2018) Tissue Plasminogen Activator-Based Na-

nothrombolysis for Ischemic Stroke. Expert Opinion on Drug Delivery, 15, 173-184.  
https://doi.org/10.1080/17425247.2018.1384464 

[2] Yaghi, S., Willey, J.Z., Cucchiara, B., Goldstein, J.N., Gonzales, N.R., Khatri, P., et al. 
(2017) Treatment and Outcome of Hemorrhagic Transformation after Intravenous 
Alteplase in Acute Ischemic Stroke: A Scientific Statement for Healthcare Profes-
sionals from the American Heart Association/American Stroke Association. Stroke, 
48, e343-e361. https://doi.org/10.1161/STR.0000000000000152 

[3] Caldeira, M.V., Salazar, I.L., Curcio, M., Canzoniero, L.M. and Duarte, C.B. (2014) 
Role of the Ubiquitin-Proteasome System in Brain Ischemia: Friend or Foe? Progress 
in Neurobiology, 112, 50-69. https://doi.org/10.1016/j.pneurobio.2013.10.003 

[4] Jeanneret, V. and Yepes, M. (2017) Tissue-Type Plasminogen Activator Is a Ho-
meostatic Regulator of Synaptic Function in the Central Nervous System. Neural 
Regeneration Research, 12, 362-365. https://doi.org/10.4103/1673-5374.202924 

[5] Clark, W.M., Wissman, S., Albers, G.W., Jhamandas, J.H., Madden, K.P. and Ham-
ilton, S. (1999) Recombinant Tissue-Type Plasminogen Activator (Alteplase) for 
Ischemic Stroke 3 to 5 Hours after Symptom Onset. The Atlantis Study: A Rando-
mized Controlled Trial. JAMA, 282, 2019-2026.  
https://doi.org/10.1001/jama.282.21.2019 

[6] Gautier, S., Petrault, O., Gele, P., Laprais, M., Bastide, M., Bauters, A., et al. (2003) 
Involvement of Thrombolysis in Recombinant Tissue Plasminogen Activator-Induced 
Cerebral Hemorrhages and Effect on Infarct Volume and Postischemic Endothelial 
Function. Stroke, 34, 2975-2979.  
https://doi.org/10.1161/01.STR.0000101914.62066.7B 

[7] Teng, R.S.Y., Tan, B.Y.Q., Miny, S., Syn, N.L., Ho, A.F.W., Ngiam, N.J.H., et al. 
(2019) Effect of Pretreatment Blood Pressure on Outcomes in Thrombolysed Acute 
Ischemic Stroke Patients: A Systematic Review and Meta-Analysis. Journal of Stroke 
and Cerebrovascular Diseases, 28, 906-919.  
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.12.008 

[8] Alvarez-Sabín, J., Molina, C.A., Ribó, M., Arenillas, J.F., Montaner, J., Huertas, R., 
et al. (2004) Impact of Admission Hyperglycemia on Stroke Outcome after Throm-
bolysis: Risk Stratification in Relation to Time to Reperfusion. Stroke, 35, 2493-2498.  
https://doi.org/10.1161/01.STR.0000143728.45516.c6 

[9] Satumanatpan, N., Tonpho, W., Thiraratananukulchai, N., Chaichanamongkol, P., 
Lekcharoen, P. and Thiankhaw, K. (2022) Factors Associated with Unfavorable 
Functional Outcomes after Intravenous Thrombolysis in Patients with Acute Ischemic 
Stroke. International Journal of General Medicine, 15, 3363-3373.  
https://doi.org/10.2147/IJGM.S362116 

[10] Zhang, S., Liao, X.J., Wang, J., Shen, Y., Shi, H.F., Zou, Y., et al. (2022) Temporal 
Alterations in Pericytes at the Acute Phase of Ischemia/Reperfusion in the Mouse 
Brain. Neural Regeneration Research, 17, 2247-2252.  
https://doi.org/10.4103/1673-5374.336876 

[11] Yang, Y. and Rosenberg, G.A. (2011) Blood-Brain Barrier Breakdown in Acute and 

https://doi.org/10.4236/ym.2024.81004
https://doi.org/10.1080/17425247.2018.1384464
https://doi.org/10.1161/STR.0000000000000152
https://doi.org/10.1016/j.pneurobio.2013.10.003
https://doi.org/10.4103/1673-5374.202924
https://doi.org/10.1001/jama.282.21.2019
https://doi.org/10.1161/01.STR.0000101914.62066.7B
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.12.008
https://doi.org/10.1161/01.STR.0000143728.45516.c6
https://doi.org/10.2147/IJGM.S362116
https://doi.org/10.4103/1673-5374.336876


Y. Dai et al. 
 

 

DOI: 10.4236/ym.2024.81004 38 Yangtze Medicine 
 

Chronic Cerebrovascular Disease. Stroke, 42, 3323-3328.  
https://doi.org/10.1161/STROKEAHA.110.608257 

[12] Saleem, S., Wang, D., Zhao, T., Sullivan, R.D. and Reed, G.L. (2021) Matrix Metal-
loproteinase-9 Expression Is Enhanced by Ischemia and Tissue Plasminogen Acti-
vator and Induces Hemorrhage, Disability and Mortality in Experimental Stroke. 
Neuroscience, 460, 120-129. https://doi.org/10.1016/j.neuroscience.2021.01.003 

[13] Lu, A., Suofu, Y., Guan, F., Broderick, J.P., Wagner, K.R. and Clark, J.F. (2013) Ma-
trix Metalloproteinase-2 Deletions Protect against Hemorrhagic Transformation af-
ter 1 H of Cerebral Ischemia and 23 H of Reperfusion. Neuroscience, 253, 361-367.  
https://doi.org/10.1016/j.neuroscience.2013.08.068 

[14] Liu, J., Jin, X., Liu, K.J. and Liu, W. (2012) Matrix Metalloproteinase-2-Mediated 
Occludin Degradation and Caveolin-1-Mediated Claudin-5 Redistribution Contri-
bute to Blood-Brain Barrier Damage in Early Ischemic Stroke Stage. Journal of Neu-
roscience, 32, 3044-3057. https://doi.org/10.1523/JNEUROSCI.6409-11.2012 

[15] Pan, R., Yu, K., Weatherwax, T., Zheng, H., Liu, W. and Liu, K.J. (2017) Blood Oc-
cludin Level as a Potential Biomarker for Early Blood Brain Barrier Damage Fol-
lowing Ischemic Stroke. Scientific Reports, 7, Article No. 40331.  
https://doi.org/10.1038/srep40331 

[16] Yuan, S., Li, W., Hou, C., Kang, H., Ma, Q., Ji, X., et al. (2021) Serum Occludin Lev-
el Combined with Nihss Score Predicts Hemorrhage Transformation in Ischemic 
Stroke Patients with Reperfusion. Frontiers in Cellular Neuroscience, 15, Article ID: 
714171. https://doi.org/10.3389/fncel.2021.714171 

[17] Wang, L., Wei, C., Deng, L., Wang, Z., Song, M., Xiong, Y., et al. (2018) The Accu-
racy of Serum Matrix Metalloproteinase-9 for Predicting Hemorrhagic Transforma-
tion after Acute Ischemic Stroke: A Systematic Review and Meta-Analysis. Journal 
of Stroke and Cerebrovascular Diseases, 27, 1653-1665.  
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.01.023 

[18] Challa, S.R., Nalamolu, K.R., Fornal, C.A., Mohandass, A., Mussman, J.P., Schaibley, 
C., et al. (2022) The Interplay between Mmp-12 and T-Pa in the Brain after Ischemic 
Stroke. Neurochemistry International, 161, Article ID: 105436.  
https://doi.org/10.1016/j.neuint.2022.105436 

[19] Allen, C.L. and Bayraktutan, U. (2009) Oxidative Stress and Its Role in the Patho-
genesis of Ischaemic Stroke. International Journal of Stroke, 4, 461-470.  
https://doi.org/10.1111/j.1747-4949.2009.00387.x 

[20] Li, H., Wang, Y., Feng, D., Liu, Y., Xu, M., Gao, A., et al. (2014) Alterations in the 
Time Course of Expression of the Nox Family in the Brain in a Rat Experimental 
Cerebral Ischemia and Reperfusion Model: Effects of Melatonin. Journal of Pineal 
Research, 57, 110-119. https://doi.org/10.1111/jpi.12148 

[21] Tang, X.N., Zheng, Z., Giffard, R.G. and Yenari, M.A. (2011) Significance of Mar-
row-Derived Nicotinamide Adenine Dinucleotide Phosphate Oxidase in Experi-
mental Ischemic Stroke. Annals of Neurology, 70, 606-615.  
https://doi.org/10.1002/ana.22476 

[22] Kuhn, H., Banthiya, S. and van Leyen, K. (2015) Mammalian Lipoxygenases and 
Their Biological Relevance. Biochimica et Biophysica Acta, 1851, 308-330.  
https://doi.org/10.1016/j.bbalip.2014.10.002 

[23] Liu, Y., Zheng, Y., Karatas, H., Wang, X., Foerch, C., Lo, E.H., et al. (2017) 12/15- 
Lipoxygenase Inhibition or Knockout Reduces Warfarin-Associated Hemorrhagic 
Transformation after Experimental Stroke. Stroke, 48, 445-451.  
https://doi.org/10.1161/STROKEAHA.116.014790 

https://doi.org/10.4236/ym.2024.81004
https://doi.org/10.1161/STROKEAHA.110.608257
https://doi.org/10.1016/j.neuroscience.2021.01.003
https://doi.org/10.1016/j.neuroscience.2013.08.068
https://doi.org/10.1523/JNEUROSCI.6409-11.2012
https://doi.org/10.1038/srep40331
https://doi.org/10.3389/fncel.2021.714171
https://doi.org/10.1016/j.jstrokecerebrovasdis.2018.01.023
https://doi.org/10.1016/j.neuint.2022.105436
https://doi.org/10.1111/j.1747-4949.2009.00387.x
https://doi.org/10.1111/jpi.12148
https://doi.org/10.1002/ana.22476
https://doi.org/10.1016/j.bbalip.2014.10.002
https://doi.org/10.1161/STROKEAHA.116.014790


Y. Dai et al. 
 

 

DOI: 10.4236/ym.2024.81004 39 Yangtze Medicine 
 

[24] Xing, Y., Guo, Z.N., Yan, S., Jin, H., Wang, S. and Yang, Y. (2014) Increased Globu-
lin and Its Association with Hemorrhagic Transformation in Patients Receiving In-
tra-Arterial Thrombolysis Therapy. Neuroscience Bulletin, 30, 469-476.  
https://doi.org/10.1007/s12264-013-1440-x 

[25] Carbone, F., Vuilleumier, N., Bertolotto, M., Burger, F., Galan, K., Roversi, G., et al. 
(2015) Treatment with Recombinant Tissue Plasminogen Activator (R-Tpa) Induc-
es Neutrophil Degranulation in Vitro via Defined Pathways. Vascular Pharmacolo-
gy, 64, 16-27. https://doi.org/10.1016/j.vph.2014.11.007 

[26] Maestrini, I., Strbian, D., Gautier, S., Haapaniemi, E., Moulin, S., Sairanen, T., et al. 
(2015) Higher Neutrophil Counts before Thrombolysis for Cerebral Ischemia Pre-
dict Worse Outcomes. Neurology, 85, 1408-1416.  
https://doi.org/10.1212/WNL.0000000000002029 

[27] Gori, A.M., Giusti, B., Piccardi, B., Nencini, P., Palumbo, V., Nesi, M., et al. (2017) 
Inflammatory and Metalloproteinases Profiles Predict Three-Month Poor Outcomes 
in Ischemic Stroke Treated with Thrombolysis. Journal of Cerebral Blood Flow & 
Metabolism, 37, 3253-3261. https://doi.org/10.1177/0271678X17695572 

[28] Gong, P., Liu, Y., Gong, Y., Chen, G., Zhang, X., Wang, S., et al. (2021) The Associ-
ation of Neutrophil to Lymphocyte Ratio, Platelet to Lymphocyte Ratio, and Lym-
phocyte to Monocyte Ratio with Post-Thrombolysis Early Neurological Outcomes 
in Patients with Acute Ischemic Stroke. Journal of Neuroinflammation, 18, Article 
No. 51. https://doi.org/10.1186/s12974-021-02090-6 

[29] Sun, Y., Chen, X., Zhang, X., Shen, X., Wang, M., Wang, X., et al. (2017) Β2-Adrenergic 
Receptor-Mediated Hif-1α Upregulation Mediates Blood Brain Barrier Damage in 
Acute Cerebral Ischemia. Frontiers in Molecular Neuroscience, 10, Article No. 257.  
https://doi.org/10.3389/fnmol.2017.00257 

[30] Kong, L., Ma, Y., Wang, Z., Liu, N., Ma, G., Liu, C., et al. (2021) Inhibition of Hy-
poxia Inducible Factor 1 by Yc-1 Attenuates Tissue Plasminogen Activator Induced 
Hemorrhagic Transformation by Suppressing Hmgb1/Tlr4/Nf-κb Mediated Neu-
trophil Infiltration in Thromboembolic Stroke Rats. International Immunophar-
macology, 94, Article ID: 107507. https://doi.org/10.1016/j.intimp.2021.107507 

[31] Su, E.J., Fredriksson, L., Geyer, M., Folestad, E., Cale, J., Andrae, J., et al. (2008) Ac-
tivation of Pdgf-Cc by Tissue Plasminogen Activator Impairs Blood-Brain Barrier 
Integrity during Ischemic Stroke. Nature Medicine, 14, 731-737.  
https://doi.org/10.1038/nm1787 

[32] Siao, C.J., Fernandez, S.R. and Tsirka, S.E. (2003) Cell Type-Specific Roles for Tis-
sue Plasminogen Activator Released by Neurons or Microglia after Excitotoxic In-
jury. Journal of Neuroscience, 23, 3234-3242.  
https://doi.org/10.1523/JNEUROSCI.23-08-03234.2003 

[33] Cheon, S.Y., Kim, S.Y., Kam, E.H., Lee, J.H., Kim, J.M., Kim, E.J., et al. (2017) Isof-
lurane Preconditioning Inhibits the Effects of Tissue-Type Plasminogen Activator 
on Brain Endothelial Cell in an in Vitro Model of Ischemic Stroke. International 
Journal of Medical Sciences, 14, 425-433. https://doi.org/10.7150/ijms.18037 

[34] Roncal, C., Martinez de Lizarrondo, S., Salicio, A., Chevilley, A., Rodriguez, J.A., 
Rosell, A., et al. (2017) New Thrombolytic Strategy Providing Neuroprotection in 
Experimental Ischemic Stroke: Mmp10 Alone or in Combination with Tissue-Type 
Plasminogen Activator. Cardiovascular Research, 113, 1219-1229.  
https://doi.org/10.1093/cvr/cvx069 

[35] Murata, Y., Rosell, A., Scannevin, R.H., Rhodes, K.J., Wang, X. and Lo, E.H. (2008) 
Extension of the Thrombolytic Time Window with Minocycline in Experimental 

https://doi.org/10.4236/ym.2024.81004
https://doi.org/10.1007/s12264-013-1440-x
https://doi.org/10.1016/j.vph.2014.11.007
https://doi.org/10.1212/WNL.0000000000002029
https://doi.org/10.1177/0271678X17695572
https://doi.org/10.1186/s12974-021-02090-6
https://doi.org/10.3389/fnmol.2017.00257
https://doi.org/10.1016/j.intimp.2021.107507
https://doi.org/10.1038/nm1787
https://doi.org/10.1523/JNEUROSCI.23-08-03234.2003
https://doi.org/10.7150/ijms.18037
https://doi.org/10.1093/cvr/cvx069


Y. Dai et al. 
 

 

DOI: 10.4236/ym.2024.81004 40 Yangtze Medicine 
 

Stroke. Stroke, 39, 3372-3377. https://doi.org/10.1161/STROKEAHA.108.514026 

[36] Li, Q., Han, X., Lan, X., Hong, X., Li, Q., Gao, Y., et al. (2017) Inhibition of Tpa- 
Induced Hemorrhagic Transformation Involves Adenosine A2b Receptor Activation 
after Cerebral Ischemia. Neurobiology of Disease, 108, 173-182.  
https://doi.org/10.1016/j.nbd.2017.08.011 

[37] Hu, Y., Zheng, Y., Wang, T., Jiao, L. and Luo, Y. (2022) Vegf, a Key Factor for Blood 
Brain Barrier Injury after Cerebral Ischemic Stroke. Aging and Disease, 13, 647-654.  
https://doi.org/10.14336/AD.2021.1121 

[38] Kanazawa, M., Igarashi, H., Kawamura, K., Takahashi, T., Kakita, A., Takahashi, H., 
et al. (2011) Inhibition of Vegf Signaling Pathway Attenuates Hemorrhage after Tpa 
Treatment. Journal of Cerebral Blood Flow & Metabolism, 31, 1461-1474.  
https://doi.org/10.1038/jcbfm.2011.9 

[39] Yagi, K., Kitazato, K.T., Uno, M., Tada, Y., Kinouchi, T., Shimada, K., et al. (2009) 
Edaravone, a Free Radical Scavenger, Inhibits Mmp-9-Related Brain Hemorrhage in 
Rats Treated with Tissue Plasminogen Activator. Stroke, 40, 626-631.  
https://doi.org/10.1161/STROKEAHA.108.520262 

[40] Chen, H., Guan, B., Chen, X., Chen, X., Li, C., Qiu, J., et al. (2018) Baicalin Atte-
nuates Blood-Brain Barrier Disruption and Hemorrhagic Transformation and Im-
proves Neurological Outcome in Ischemic Stroke Rats with Delayed T-Pa Treat-
ment: Involvement of Onoo(-)-Mmp-9 Pathway. Translational Stroke Research, 9, 
515-529. https://doi.org/10.1007/s12975-017-0598-3 

[41] Romanos, E., Planas, A.M., Amaro, S. and Chamorro, A. (2007) Uric Acid Reduces 
Brain Damage and Improves the Benefits of Rt-Pa in a Rat Model of Thromboem-
bolic Stroke. Journal of Cerebral Blood Flow & Metabolism, 27, 14-20.  
https://doi.org/10.1038/sj.jcbfm.9600312 

[42] Chen, H., Guan, B., Wang, B., Pu, H., Bai, X., Chen, X., et al. (2020) Glycyrrhizin 
Prevents Hemorrhagic Transformation and Improves Neurological Outcome in 
Ischemic Stroke with Delayed Thrombolysis through Targeting Peroxynitrite-Mediated 
Hmgb1 Signaling. Translational Stroke Research, 11, 967-982.  
https://doi.org/10.1007/s12975-019-00772-1 

 
 
 

https://doi.org/10.4236/ym.2024.81004
https://doi.org/10.1161/STROKEAHA.108.514026
https://doi.org/10.1016/j.nbd.2017.08.011
https://doi.org/10.14336/AD.2021.1121
https://doi.org/10.1038/jcbfm.2011.9
https://doi.org/10.1161/STROKEAHA.108.520262
https://doi.org/10.1007/s12975-017-0598-3
https://doi.org/10.1038/sj.jcbfm.9600312
https://doi.org/10.1007/s12975-019-00772-1

	Advances in the Mechanisms of Hemorrhagic Transformation and Therapeutic Agents after Intravenous Thrombolysis in Ischemic Stroke
	Abstract
	Keywords
	1. Introduction
	2. Physiological Properties of tPA
	3. Molecular Mechanism of HT
	3.1. Disruption of Vascular Integrity
	3.2. Oxidative Stress
	3.3. Neuroinflammatory Response

	4. Progress of Research on HT Therapeutic Drugs
	5. Summary
	Conflicts of Interest
	References

