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Abstract: Tissue plasminogen activator (t-PA) is the only FDA-approved drug for 
acute ischemic stroke treatment, but its clinical use is limited due to the narrow 
therapeutic time window and severe adverse effects, including hemorrhagic 
transformation (HT) and neurotoxicity. One of the potential resolutions is to use 
adjunct therapies to reduce the side effects and extend t-PA's therapeutic time window. 
However, therapies modulating single target seem not to be satisfied, and a multi-
target strategy is warranted to resolve such complex disease. Recently, large amount 
of efforts have been made to explore the active compounds from herbal supplements 
to treat ischemic stroke. Some natural compounds revealed both neuro- and blood-
brain-barrier (BBB)-protective effects by concurrently targeting multiple cellular 
signaling pathways in cerebral ischemia-reperfusion injury. Thus, those compounds 
are potential to be one-drug-multi-target agents as combined therapy with t-PA for ischemic stroke. 

In this review article, we summarize current progress about molecular targets involving in t-PA-mediated 
HT and neurotoxicity in ischemic brain injury. Based on these targets, we select 23 promising compounds 
from currently available literature with the bioactivities simultaneously targeting several important molecular 
targets. We propose that those compounds merit further investigation as combined therapy with t-PA. 
Finally, we discuss the potential drawbacks of the natural compounds' studies and raise several important 
issues to be addressed in the future for the development of natural compound as an adjunct therapy. 

Keywords: Combination therapy, hemorrhagic transformation, ischemic stroke, multi-target, natural compounds, neurotoxicity, 
tissue plasminogen activator (t-PA). 

1. INTRODUCTION 

 Stroke is one of the most prevalent diseases with high 
mortality and disability, and ischemic stroke accounts for 
more than 80% stroke incidences [1, 2]. Up-to-date, tissue 
plasminogen activator (t-PA) is the only FDA-approved 
thrombolytic drug for ischemic stroke [3]. Early recanalization 
with t-PA infusion indeed improves the outcomes of ischemic 
stroke [4, 5], but t-PA has a restrictive time window within 
4.5 hours. Beyond this time window, t-PA treatment increases 
the 10-fold risk of hemorrhagic transformation (HT), which 
accounts for 10-40% of ischemic stroke cases with increased 
morbidity and mortality [6]. Therefore, developing approaches 
to reduce HT is critical to extend t-PA therapeutic window 
and increase t-PA’s eligibility for ischemic stroke. 
 Recently, developing an adjunct therapeutic strategy for 
extension of the therapeutic window and prevention of 
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t-PA’s complications is gaining great interests [7]. Until 
now, there is no drug available for reducing t-PA’s side 
effects and improving therapeutic outcomes. Multiple 
molecular targets involved in the process of t-PA-mediated 
HT and neurotoxicity [8], making drug developed from one-
drug-one-target paradigm unlikely achieve satisfactory 
outcomes. In fact, the one-molecule-one-target paradigm has 
been recently criticized for Alzheimer's Diseases (AD) [9], 
and a multi-target-directed ligands (MTDLs) strategy is 
proposed for AD and Parkinson’s disease (PD) [9, 10]. There 
are two possible ways for MTDLs strategy: one is to 
synthesize molecules endowed with multiple motifs hitting 
those targets, and the other is to elect the potential MTDLs 
from natural compounds with multiple targets [9]. Stroke  
is also a complex pathological process, and the process  
of ischemia-initiated neurodegeneration and post-stroke 
rehabilitation involves multiple signaling pathways. Chinese 
herbal medicine has been used in China for thousand years. 
Recent studies indicate that there are many promising drug 
candidates from herbal medicine with the potentials of 
modulating multiple cellular signaling pathways for reducing 
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HT and neurotoxicity [11, 12]. Many natural compounds 
could be important sources of MTDLs since they 
concurrently can act on multiple targets for neuroprotection 
or brain repair. In this article, we first briefly introduce 
current molecular targets contributing to HT and 
neurotoxicity in thrombolytic therapy and then review 
bioactive compounds from herbal sources for reducing t-PA-
mediated HT and neurotoxicity. Finally, we discuss several 
important issues which should be considered in future drug 
development. 

2. CURRENT MOLECULAR TARGETS CONTRI- 
BUTING TO BBB DAMAGE, HT AND NEURO- 
TOXICITY IN ISCHEMIC STROKE WITH T-PA 
TREATMENT 

 Blood-brain barrier (BBB) damage is a vital process of 
HT in ischemic stroke with delayed t-PA treatment [13]. HT 

occurs in the BBB compromised region of ischemic brains 
[14, 15]. BBB is defined as a complex unit composed of 
brain microvascular endothelial cells, tight junction proteins, 
extracellular matrix (ECM), astrocytes and pericyte endfeet 
[16]. Delayed t-PA treatment in ischemic stroke can further 
disrupt the BBB and mediate HT via multiple signaling 
pathways. Fig. 1 summarizes several important molecular 
targets identified to be inducers for the BBB damage, HT and 
neurotoxicity, including LRP-1, NF-κB, MMP-9, HMGB-1, 
VEGF, PDGF-CC, NMDAR, APC, ROS, and RNS. We 
briefly discuss these molecular targets in the following 
sections. 

2.1. Low-density Lipoprotein Receptor-related Protein 1 
(LRP-1) 

 LRP-1 is a member of the low-density-lipoprotein-
receptor family for regulating extracellular matrix protease 

 

Fig. (1). Mechanisms and molecular targets participate in tissue plasminogen activator (t-PA)-mediated BBB damage and neurotoxicity. T-
PA acts on neutrophil, endothelial cells, astrocytes, microglials, and neurons to induce BBB damage and neurotoxicity. T-PA crosses BBB 
through LRP-1 dependent and independent pathways. LRP-1, NF-κB, MMPs, VEGF, HMGB1, and PDGF-CC are important targets 
involved in t-PA induced BBB damage and HT. LRP-1 and NMDAR are involved in t-PA induced neurotoxicity, mediating calcium influx 
and activation of ERK1/2. Free radicals are involved both in BBB damage and neurotoxicity possibly by upregulating MMPs. LRP-1: Low 
density lipoprotein receptor-related protein 1; MMP-9/3: Matrix metallopeptidase 9/3; NMDAR: N-methyl-D-aspartate receptor; PDGF-CC: 
Platelet-derived growth factor CC; NF-κB: nuclear factor kappa-light-chain-enhancer of activated B cells. 
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and mediating the activities of t-PA and matrix 
metalloproteinases [17]. Previous review articles have 
extensively discussed the roles of LRP-1 in mediating BBB 
damage and HT [18, 19]. As shown in Fig. 1, t-PA could 
penetrate the BBB in both LRP-1 dependent and independent 
pathways [20, 21]. By binding to LRP-1 in astrocytes or 
brain microvascular endothelial cells, t-PA could activate 
NF-κB, Akt and matrix metalloproteinase-9 (MMP-9), 
subsequently leading to the BBB damage and HT in 
ischemic brains [22-24]. Similarly, the interaction of t-PA 
and LRP-1 was also found in microglial cells, contributing to 
MMP-9/-3 production and tight junction disruptions [25, 26]. 
Ablation of LRP-1 or inhibition of the downstream signaling 
completely abolished t-PA induced MMP-9 overproduction 
[27]. Anti-LRP-1 IgG and LRP-1 antagonist receptor-
associated protein (RAP) reduced t-PA-mediated BBB 
permeability [28]. LRP-1 assists the interaction between t-
PA and NMDAR, contributing to t-PA induced neurotoxicity 
[29]. Thus, targeting LRP-1 could be a promising strategy to 
prevent BBB disruption, HT, and neurotoxicity during 
thrombolytic treatment in ischemic stroke. 

2.2. NF-κB Pathway 

 NF-κB is a transcriptional factor and a player in t-PA-
mediated HT. NF-κB not only serves as an LRP-1 
downstream pathway but also interacts with t-PA to induce 
the MMP-9 expression and activity, leading to BBB 
hyperpermeability and neuronal cell death [30]. The roles of 
MMPs in BBB disruption and HT will be discussed later. At 
the ischemic onset, the activation and translocation of NF-κB 
induced the expressions of iNOS and MMP-9 in ischemic 
mice brains [24, 30]. Exogenous t-PA triggered activation of 
NF-κB signaling in astrocytes of ischemic brains, leading to 
MMP-9 activation and iNOS overexpression [24, 31, 32]. 
Inhibition of NF-κB signaling attenuated t-PA-mediated 
MMP-3 activation in brain microvascular endothelial cells 
[22]. Thus, targeting NF-κB signaling pathway has beneficial 
effects on reducing BBB permeability and HT during 
thrombolytic treatment for ischemic stroke. 

2.3. Matrix metalloproteinase-9 (MMP-9) 

 MMPs play an important role in mediating HT during t-
PA treatment for ischemic stroke [33, 34]. Over-production 
of MMP-9 mainly comes from leukocytes at the early phase 
of ischemic brain injury [35, 36] but from brain endothelial 
cells, neurons and microglials in the late phase [37, 38]. 
Activation of MMP-9 greatly contributes to BBB damage 
during cerebral ischemia [39, 40]. Delayed t-PA treatment 
up-regulated the expression and activity of MMP-9 in 
leukocytes, endothelial cells and glial cells [41-43], and 
disrupted tight junction proteins [44, 45]. Treatment of 
broad-spectrum MMP inhibitor significantly reduced the 
incidence and severity of HT in experimental ischemic 
stroke animal models with delayed thrombolysis [46-48] and 
reduced the mortality rate in rodent ischemic stroke models 
[49]. MMP-9 activity is considered as one of the critical 
targets for reducing HT in thrombolytic treatment for stroke 
[31, 50, 51]. Clinical observation yielded the similar results 
in the association of MMP-9 activity and t-PA treatment in 
the serum samples of stroke patients [52]. High baseline in 

plasma MMP-9 level could be a biomarker for predicting the 
appearance of HT in ischemic stroke patients with t-PA 
treatment [53, 54]. A recent meta-analysis on 22 clinical 
trials revealed that serum MMP-9 level was highly correlated 
with stroke severity, cerebral infarct volume, intracerebral 
hemorrhage and functional outcomes [55]. Therefore, MMP-
9 could be a critical molecular target in preventing HT for 
the ischemic brain with delayed t-PA treatment. 

2.4. High Mobility Group Box Protein 1 (HMGB1) 

 High mobility group box protein 1 (HMGB1), a non-
histone DNA-binding protein, is also an important mediator 
in cerebral ischemia-reperfusion injury [56]. Upon stroke 
onset, HMGB1 release was found at neurons in the ischemic 
core within a half hour [57]. Released HMGB1 can target 
glial cells and initiate production of inflammatory cytokines, 
such as TNF-α, iNOS, IL-6, and IL-1β, etc. [57, 58]. 
HMGB1 activates MMP-9 in astrocytes and neurons via 
binding toll-like receptor 4 (TLR4), contributing to BBB 
disruption in ischemic brains [59]. Inhibition of HMGB1 
signaling ameliorates cerebral ischemic injury [60-65]. Anti-
HMGB1 antibodies suppressed MMP-9 activity, TNF-α and 
iNOS expression, subsequently attenuated BBB disruption, 
infarct volume, and brain edema, and improved neurological 
outcomes in rodent ischemic stroke models [60, 61]. 
HMGB1 shRNA significantly reduced brain infarct volume, 
ameliorated microglial activation and suppressed the 
expression of iNOS, COX-2, IL-1β and TNF-α [58, 62]. 
HMGB-1 binding heptamer dose-dependently reduced 
infarct volume and improved neurological outcomes in a rat 
MCAO-reperfusion model [63]. HMGB1 A box, an 
antagonist of HMGB1, significantly decreased brain infarct 
size and attenuated neurons death in ischemic stroke models 
[64, 65]. A clinical study showed a strong association of 
HMGB1 with MMP-9 in the serum of stroke patients [66]. 
Serum HMGB1 level could predict mortality and other 
unfavorable outcomes of stroke patients [67]. Those studies 
strongly support that HMGB1 is a critical factor in ischemic 
brain injury. 

2.5. Vascular Endothelial Growth Factor (VEGF) 

 VEGF exerts angiogenesis-promoting effects at the late 
phase of post-stroke brains, but VEGF overproduction is 
deleterious to mediate BBB damage at the early phase [68, 
69]. VEGF activation in astrocytes increased endothelial 
barrier permeability whereas knockdown of VEGF expression 
abolished this process [70]. Exogenous VEGF greatly 
aggravated the BBB damage and HT in ischemic rat brains, 
possibly through regulating NOS and MMP-9 activity [68, 
71, 72]. Anti-VEGF neutralizing antibody significantly reduced 
the BBB damage in rodent cerebral ischemic model [73] and 
reduced HT in ischemic stroke with t-PA treatment possibly 
via down-regulating MMP-9 activity [74]. Thus, VEGF 
could be an important target for reducing t-PA-mediated HT 
in the post-ischemic brain. 

2.6. Platelet-derived Growth Factor-CC (PDGF-CC) 

 PDGF-CC is a member of PGDF family. A previous 
review article summarized the role of PDGF-CC in  
HT during thrombolytic treatment [75]. t-PA is a potent 
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activator of PDGF-CC, which cleaves latent PDGF-CC into 
active PDGF-CC [76]. Active PDGF-CC subsequently binds 
to a PDGF-α receptor in astrocytes, leading to impairment of 
BBB integrity [77]. PDGF-CC neutralizing antibody and 
PDGF-α receptor antagonist revealed to reduce BBB damage 
and t-PA mediated HT [77]. The increase of plasma PDGF-
CC level appears to be a predictor for HT in ischemic stroke 
patients with t-PA treatment [78]. Thus, targeting PDGF-CC 
could be a potential biomarker for HT in thrombolytic 
treatment. 

2.7. N-methyl-D-aspartic Receptor (NMDAR) 

 NMDAR is an ion-gated glutamate receptor composed of 
two GluN1 subunits and two GluN2 subunits. NMDAR 
plays an important role in t-PA induced neurotoxicity [34, 
79]. By interacting with NMDAR, t-PA induces calcium 
influx and ERK1/2 activation and produce neurotoxicity 
[29]. Several subunits of NMDAR were found to mediate t-
PA induced NMDAR activation. Specifically, NR2B subunit 
appears to be a critical target of t-PA with the interaction site 
at arginine 67 [80]. GluN2D participates in t-PA/NMDAR 
induced neurotoxicity as well [81]. Besides, blocking  
NR1 subunit reduced neurotoxicity and improved spatial 
memory, indicating that NR1 subunit also participates in  
t-PA-induced neurotoxicity [82, 83]. By adopting point 
mutation analysis, a previous study revealed that the arginine 
260 on NR1 subunit could be critical for t-PA-induced 
NMDAR signaling [84]. Therefore, NMDAR is a promising 
therapeutic target in reducing the t-PA-mediated neuro- 
toxicity. 

2.8. Activated Protein C (APC) 

 Evidence is accumulated to support that APC is a critical 
player in different pathophysiological processes of ischemic 
brain injury, including apoptosis [85], inflammation [86], 
neurogenesis, neuro-vascularization [87] and neurological 
recovery [88]. APC protein could counteract the toxic effect 
of t-PA via reducing neuro-apoptosis. In ischemic stroke, t-
PA treatment could shift the intrinsic apoptotic pathway 
(casepase-9 dependent) to extrinsic pathway (caspase-8 
dependent) bypassing mitochondrial amplification [89]. APC 
and its analog 3K3A-APC significantly reduced the t-PA-
mediated HT via down-regulating NF-κB-MMP-9 pathway 
[31, 90, 91]. Thus, APC could be a therapeutic target for 
preventing HT and neurotoxicity during t-PA treatment. 
Surprisingly, in a clinical study, high level of APC in plasma 
was associated with the increased HT rates during t-PA 
treatment. A possible explanation is that elevated APC could 
be insufficient to attenuate the brain damage during ischemic 
stroke with t-PA treatment [92]. 

2.9. Reactive Nitrogen Species (RNS) and Reactive 
Oxygen Species (ROS) 

 It is well-known that free radicals are important players 
in cerebral ischemia/reperfusion injury. Recanalization by t-PA 
infusion provides oxygen as a substrate for the generation  
of free radicals [93]. Free radicals, including ROS,  
RNS, could mediate the BBB damage, neurotoxicity and 
cerebral inflammation, contributing to brain damage and HT 
[94]. 

2.9.1. ROS 

 ROS includes superoxide, hydroxyl radical, single oxygen, 
hydrogen peroxide, etc. ROS production is remarkably 
increased and subsequently causes neurotoxicity, BBB 
damage, inflammation as well as brain edema during 
cerebral ischemia-reperfusion injury [95]. ROS can directly 
modify lipids, DNA, and proteins, and trigger apoptotic 
signal pathways [93]. As an antioxidant, Edaravone has been 
approved in Japan clinically for ischemic stroke treatment 
[96]. A review article covering studies for the period of 
1993-2008 indicates that Edaravone is effective for ischemic 
stroke treatment [97]. Edaravone treatment for 14 days 
significantly down-regulated the serum MMP-9 level in 
ischemic stroke patients [98]. Co-treatment of Edaravone 
with t-PA enhanced the recanalization efficacy, reduced the 
rates of HT and improved functional outcomes in ischemic 
stroke patients [99-101]. Similar results were also found in 
animal experiments [102]. A systematic review analyzing 49 
experiments with 519 animals showed that Edaravone 
treatment improved both structural and functional outcomes 
in experimental ischemic stroke models [103]. However, 
contrary evidence revealed that Edaravone increased the 
incidence of HT in stroke patients with cardiogenic 
embolism [104]. Reasons for such discrepancy are not yet 
understood, and further research is needed for evaluating 
edaravone as potential adjunct therapy with t-PA. 

2.9.2. RNS 

 RNS has gained great interests in the field of cerebral 
ischemia-reperfusion injury. Nitric oxide (NO) and peroxynitrite 
(ONOO-) are two representatives of RNS in mediating 
cerebral ischemia-reperfusion injury. Thus, we discuss the 
roles of NO and peroxynitrite in ischemic brain injury in the 
following section. 

2.9.2.1. Nitric Oxide 

 Nitric oxide was first identified as an endothelium-
derived relaxing factor (EDRF) in the 1980s [105, 106]. 
Three nitric oxide synthase (NOS) isoforms could produce 
nitric oxide from L-arginine with molecular oxygen, namely, 
neural NOS (nNOS), endothelial NOS (eNOS) and inducible 
NOS (iNOS) [94]. In brain, nNOS is majorly expressed in 
neurons, while eNOS is majorly expressed in the vascular 
endothelial cells. Both eNOS and nNOS are calcium-
dependent and constitutively expressed in normal condition 
to produce NO at nanomole level with physiological 
regulating functions [107]. However, activation of iNOS 
from glial cells and macrophages produces a large amount of 
NO at micromole level in a calcium-independent way [108]. 
Upon stroke onset, NO level is remarkably increased within 
half hour from less than 10 nM to more than 1 µM [109], 
which is mainly derived from nNOS and eNOS [110-112]. In 
brain microvessels, iNOS activity was induced, and a large 
amount of NO was produced within 4 hours after cerebral 
ischemia [113]. Increased iNOS activity lasted for at least 24 
hours, continuously over-producing NO [114, 115]. NO 
derived from different isoforms of NOS has different roles in 
cerebral ischemia-reperfusion injury. NO derived from iNOS 
is deleterious to ischemic brain injury [116-119]. For 
instances, treatment of iNOS inhibitor 1400W blocked 
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glutamate release [118], attenuated infarct size and improved 
neurological outcomes in an experimental ischemic stroke 
animal model [119]. NO precursor L-arginine treatment 
worsened ischemic brain injury in wild-type mice but not in 
iNOS knockout mice [120]. NO derived from nNOS is also 
detrimental. It was reported that nNOS inhibitor 7-
nitroindazole attenuated brain damages [121] and BBB 
disruption [122]. Consistently, nNOS knockout mice had 
less brain infarct volume in an ischemic stroke model [123]. 
NO directly interacts with multiple proteins, inducing 
reversible protein nitrosylation [124], S-glutathiolation [125] 
or nitrosothiols formation [126]. In contrast, eNOS knockout 
mice had enlarged infarct size and brain damages in both 
focal cerebral ischemia and global cerebral ischemia model, 
indicating that NO derived from eNOS could be 
neuroprotective [123]. NO derived from endothelial NOS is 
essential for maintaining or restoring the cerebral blood flow 
with the evidence that eNOS knockout mice had less cerebral 
blood flow volume [127]. Therefore, NO production has double 
edge effects on ischemic brains during ischemic stroke, 
dependent on the source, amount and its microenvironment.  

2.9.2.2. Peroxynitrite 

 In ischemic brain, superoxide (O2
.-) is simultaneously 

produced with NO and subsequently react each other to 
generate ONOO- in an extremely fast rate [128]. Upon 
reperfusion, a large amount of O2

.- is produced from neurons, 
endothelial cells, microglial cells and leukocytes, etc. In an 
ischemic stroke rat model with 2 h ischemia plus reperfusion 
for 4-70 h, nitrotyrosine was used as a biomarker of ONOO- 
and concurrent formation of ONOO- was associated with the 
expression of iNOS in the ischemia-reperfused brain [129]. 
Nitrotyrosine level in the peri-infarct area is much higher 
(about 0.95%) than that in the core area (about 0.5%) at one 
hour after reperfusion [130]. Peroxynitrite is much more 
toxic than NO [131], with permeability coefficient at about 
400 fold faster than superoxide [131, 132]. Peroxynitrite 
could easily pass through the cell membrane and inhibit 
mitochondrial respiration [133, 134], trigger protein nitration 
[135, 136] and lipid peroxidation [137], induce DNA damage 
[138], and inactivate multiple ion channels and enzymes 
[139, 140]. Peroxynitrite donor 3-morpholino sydnonimine 
(SIN-1) decreased tight junction protein ZO-1 expression and 
exacerbated BBB damage [141]. FeTMPyP, a peroxynitrite 
decomposition catalyst, significantly attenuated the neurons 
loss and improved the functional outcomes in a global 
cerebral ischemia-reperfusion model [142]. Consistently, 
FeTMPyP treatment at 3 mg/kg remarkably decreased 
cerebral infarct volume in a rat MCAO model, with an 
extension of the therapeutic time window up to 6 hours 
[143]. In our recent study, t-PA treatment at 2 hours after 
cerebral ischemia remarkably inhibited ONOO- generation, 
protected the brains from ischemia-reperfusion injury and 
improved neurological deficit scores whereas delayed 
treatment of t-PA at 4.5 hours worsened the brain damages 
and neurological deficit scores. What’s more, delayed t-PA 
treatment led to high incidence of HT in the ischemia-
reperfusion rat brains. Interestingly, co-treatment of FeTMPyP 
significantly reduced HT and improved neurological 
outcomes in the animal models of cerebral ischemia-
reperfusion injury with the delayed thrombolysis [41]. The 

underlying mechanisms could be related to attenuating 
ONOO--mediated MMP-9/-2 expression and activation in 
ischemic rat brains [41]. Uric acid, an ONOO- scavenger, is 
capable of preventing ONOO--mediated nitration [144]. Pre- 
or post-treatment of uric acid significantly reduced the cortex 
and striatum infarct volume in a rat stroke model [145]. The 
combination of uric acid with t-PA further reduced cerebral 
infarct size and improved neurological outcomes in a rodent 
thromboembolic model [146]. A recent meta-analysis 
involving 10 studies and 8131 patients showed that high 
serum uric acid was associated with good neurological 
outcome in ischemic stroke [147]. Taken together, these 
works suggest that scavenging RNS, particularly ONOO-, 
would be a promising therapeutic strategy in reducing t-PA 
associated HT and improving the overall outcomes. 

 In summary, we have briefly discussed current 
knowledge about the molecular targets in t-PA-mediated HT 
and neurotoxicity. Notably, some targets are involved both in 
HT and neurotoxicity. With the profound studies, we believe 
that more and more molecular targets could be found in 
future. Those signaling molecules could independently or 
synergistically contribute to HT and neurotoxicity at 
different stages of cerebral ischemia-reperfusion injury 
during thrombolytic treatment. With complex molecular 
network systems, strategies targeting one molecular target 
might not be sufficient to reverse the toxic effects of t-PA 
practically. Therefore, we anticipate that compounds hitting 
multi-targets may serve as strong candidates in combating  
t-PA’s complications. 

3. REPRESENTATIVE NATURAL COMPOUND 
CANDIDATES AS COMBINATION THERAPIES 
WITH t-PA IN THE TREATMENT OF ACUTE 
ISCHEMIC STROKE 

 Based on those molecular targets, we have reviewed the 
current research progress of the natural compounds for 
ischemic stroke within recent 10 years. We selected 
compounds reported to target more than two targets in 
ischemic stroke models. As a result, totally 23 suitable 
compounds were selected and summarized in Tables 1, 2. 
Those compounds have multimodal interactions with the 
mentioned targets involved in t-PA induced brain injury in 
experimental cerebral ischemia-reperfusion models. Details 
of studies on those compounds are summarized in Table 1, 
and will be discussed in the following section. 

3.1. Baicalin 

 Baicalin is a promising neuroprotective drug candidate 
with the extensive studies on ischemic stroke animal models. 
Baicalin regulates many molecular targets including free 
radicals, NMDA receptor, NF-κB, and MMP-9 in various 
experimental stroke models. Baicalin is a flavonoid 
compound isolated from Radix of Scutellaria baicalensis 
Georgi. Our work and others showed that baicalin treatment 
reduced cerebral infarct volume, attenuated neurotoxicity 
and neuroinflammation in both transient and permanent 
rodent cerebral ischemia models [148-150]. We found that 
its neuroprotective mechanisms could be at least partially 
attributed to scavenging ONOO- [148]. Mass spectrometry 
revealed baicalin could directly scavenge ONOO- and 
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Table 1. Representative studies of selected natural compounds. 

Compound Representative 
Source 

Experimental 
Model 

Treatment Time 
Point and Path 

Dosage Targets Major Results Refs. 

Baicalin Scutellaria 
baicalensis Georgi 

tMCAO 2 hour after 
MCAO, I.V. 

10, 25,  
50 mg/kg 

ONOO- Infarct volume, 
neuron death 

[148] 

    pMCAO 2 hour and 12 hour 
after MCAO, I.P. 

100 mg/kg TLR2/4,  
NF-κB, TNF-α, 
IL-1β, COX-2 

Infarct volume [149] 

    tMCAO at MCAO onset, 
I.V. 

50,100,  
200 mg/kg 

NF-κB Infarct volume, 
neurological deficit 

[150] 

    pMCAO 2 hours and 12 
hours after 

MCAO, I.P. 

100 mg/kg MMP-9, 
Occludin 

Infarct volume, BBB 
damage, brain edema, 

neuronal damage 

[152] 

    OGD 30 min before 
OGD 

1, 5 uM 5-LOX, 
NMDAR 

Neurotoxicity [151] 

Tanshinone IIA Salvia miltiorrhiza  tMCAO Daily, for 7 or 15 
days, I.P. 

5 or 10 mg/kg 
I.P. 

HMGB1,  
NF-κB 

Infarct volume, cell 
apoptosis 

[157] 

    tMCAO 10 min after 
MCAO, I.P. 

25 mg/kg MIF, NF-κB Infarct volume, brain edema, 
neurological deficit, neuro-

inflammation 

[155] 

    tMCAO 10 min after 
MCAO, I.P. 

25 mg/kg,  
40 mg/kg 

Bcl-2, caspase 3 Infarct volume, brain edema, 
neurological deficit, 

apoptosis 

[160] 

    tMCAO 5 min after 
MCAO. I.P. 

10 mg/kg,  
20 mg/kg,  
30 mg/kg 

MMP-9 Infarct volume, brain edema, 
BBB damage, 

[158] 

    tMCAO 15 min after 
MCAO. I.P. 

20 mg/kg TORC1, 
pCREB, BDNF 

Infarct volume, brain edema, 
neurological deficit 

[161] 

    pMCAO Immediately after 
MCAO, I.P. 

10 mg/kg,  
20 mg/kg 

HMGB1, TLR4, 
RAGE,  
NF-κB 

Infarct volume, brain edema, 
neurological deficit, 

BBB damage 

[159] 

    pMCAO One day and 30 
min before 

MCAO, 4 hour 
after MCAO, I.P. 

5, 10, 20 mg/kg NF-κB, SOD, 
MDA, iNOS, 

NO 

Infarct volume, 
neurological deficit 

[156] 

Huperzine A Huperzia Serrata tMCAO At MCAO onset 
and 6 hour after 

MCAO, I.P. 

0.1 mg/kg NF-κB, nAChR CBF, infarct volume, 
neurological deficit, neuro-

inflammation 

[166] 

    tMCAO 2 hour before 
MCAO and 4 hour 
after reperfusion, 

I.G. 

0.1 mg/kg ROS Infarct volume, neurological 
deficit, mitochondrial 

swelling 

[165] 

    tMCAO 2 day before 
MCAO, for 9 

days, I.G. 

0.2 mg/kg NGF, BDNF 
and TGF-β1 

Memory deficit [168] 

    OGD 2 hour before 
OGD 

1 uM NF-κB and RNS Cell death [167] 

    NMDA 
treatment 

45 min 
pretreatment 

10 nM to 1 uM NMDAR Neurotoxicity [169] 
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Table 1. contd…. 

Compound Representative 
Source 

Experimental 
Model 

Treatment Time 
Point and Path 

Dosage Targets Major Results Refs. 

tMCAO, 
LPS treatment 

15 min after 
ischemia and  
15 min after 

reperfusion, I.P. 

0.7-70 mug/kg 
0.1-10 muM 

NF-κB, NO, 
TNF-α 

Neuro-inflammation, 
BBB damage, 
brain edema 

[171] 

tMCAO, OGD or 
NMDA treatment 

0, 1 or 3 hour after 
reperfusion, I.V. 

50 mug/kg PSD95/nNOS, 
NO  

Brain edema, infarct 
volume, neurological deficit,  

[174] 

tMCAO 15 min before and 
60 min after 

ischemia, I.P. 

10 μg/kg ROS Infarct volume, 
mitochondrial function 

[172] 

NMDA treatment 
in vivo 

3 days before 
NMDA  

treatment, I.G. 

1-100 mg/kg GSH Neurotoxicity, mortality [172] 

Honokiol 
Magnolia 

grandiflora 

tMCAO 15 min before and 
60 min after 

ischemia, I.V. 

0.1, 1, 10 ug/kg ROS Neutrophil infiltration [173] 

tMCAO 10 min before 
MCAO, I.P. 

25, 50 mg/kg iNOS,  
caspase-3,  

TNF-α 

Infarct volume [183] 

tMCAO 24 hour after 
MCAO, repeated 
daily, for 14 days, 

I.P. 

50, 100, 200 
mg/kg 

Not mentioned Infarct volume, neurological 
deficit, vascular genesis 

[179] 

tMCAO 1 hour after 
MCAO, I.G. 

2.62, 7.86 and 
23.59 mg/kg 

BDNF,  
caspase-3 

Infarct volume, neurological 
deficit, astrocyte apoptosis 

[180] 

tMCAO At the onset of 
MCAO, I.P. 

50, 100 mg/kg Active  
caspase-3 

Infarct volume, neurological 
deficit, neuronal apoptosis 

[181] 

Puerarin Radix puerariae 

tMCAO 1 hour before 
MCAO, I.P. 

60 mg/kg NF-κB Infarct volume [184] 

NMDA treatment Co-treatment with 
NMDA 

1, 10 uM ROS, bcl-2, 
bax, caspase-3 

Neurotoxicity [185] 

Curculigoside 
Curculigo 

orchioides Gaertn tMCAO, OGD  1, 3, 5 or 7 hour 
after MCAO, I.V. 

10 mg/kg,  
20 mg/kg 

NF-κB, 
HMGB1 

Neurotoxicity, BBB damage [186] 

tMCAO 3 day before 
MCAO and once 
after MCAO, I.G. 

10 mg/kg, 
25 mg/kg 

NF-κB, MMP-
9, p38MAPK, 
TLR4, TNF-α 

Infarct volume, BBB 
damage, brain edema, 

neurological deficit, neuro-
inflammation 

[189] 

Shikonin 
Lithospermum 
erythrorhizon 

tMCAO 3 times before 
MCAO, one time 
after MCAO, I.G. 

12.5, 25,  
50 mg/kg 

GSH, MAD, 
ROS 

Infarct volume, neurological 
deficit, oxidative stress 

[188] 

tMCAO 1, 24 and 48 hour 
after MCAO, I.P. 

10 mg/mouse HMGB1,  
TLR4, IL-17A 

Infarct volume, 
neuronal apoptosis 

[195] 

tMCAO 30 min after 
MCAO, I.V. 

2, 4, 10 mg/kg HMGB1 Infarct volume, oxidative 
stress, apoptosis, neuron-

inflammation, 

[193] 

Glycyrrhizin 
Glycyrhizae  

glabra 

tMCAO 30 min before and 
24 hour after 
MCAO, I.G. 

30 mg/kg TLR2/4, NF-κB Infarct volume, neurological 
deficit, neuro-inflammation 

[196] 
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Table 1. contd…. 

Compound Representative 
Source 

Experimental 
Model 

Treatment Time 
Point and Path 

Dosage Targets Major Results Refs. 

MCAO + 
hyperglycemia 

20 min post  
MCAO, I.P. 

50 mg/kg HMGB1 Infarct volume, BBB 
damage, neurological deficit, 

brain edema 

[194] 

Glycyrrhizin 
Glycyrhizae  

glabra tMCAO 3 hour or 6 hour 
after MCAO, I.V. 

10 mg/kg HMGB1, iNOS Neuro-inflammation, Neuro-
excitation, oxidative stress, 

neurotoxicity 

[192] 

tMCAO 1 hour after MCAO, 
I.P. 

10, 50, 100 
mg/kg 

SOD, MDA, 
HO-1, Bcl-2, 

Bax, TNF-α, IL-
1β, Nrf-2, AKT 

Infarct volume, neurological 
deficit, neuronal damage and 
apoptosis, oxidative stress, 

brain inflammation 

[197] 

Gastrodin 
Gastrodia  

elata 

Hypoxia; 
NMDA treatment 

pretreatment 100, 200 
microg/mL 

Glutamate, 
NMDA 

Neurotoxicity [198] 

tMCAO For 2 days or 7 days 
after MCAO, I.P. 

20, 40, 80 
mg/kg, twice 

daily 

MDA, Trx-1, 
SOD, PKB/Akt, 

NF-κB 

Infarct volume, neurological 
deficit 

[199] 

Ginsenoside 
Rg1 

Panax  
notoginseng tMCAO, OGD 1 hour before 

MCAO; repeated 
every 12 hour, I.P.; 
10 min before OGD 

20mg/kg  
(In vivo); 

10 nM -100 uM 
(In vitro) 

NMDAR, L-
type voltage-

dependent Ca2+ 
channels, Ca2+ 

Infarct volume, neurological 
deficit, Cell viability, 

Neurotoxicity 
  

[200] 

pMCAO Pre-treatment,  
3 days , 30 min 

before MCAO, I.G. 

30,60 mg/kg MDA, SOD, 
Nrf-2, HO-1, P-

AKT, SOD 

Infarct volume, neurological 
deficit, brain edema, 

  

[201] 

Paeonol 
Paeonia 

suffruticosa 
Andrews OGD  Co-treatment with 

OGD 
2- 50 uM NMDAR, Ca2+ Neurotoxicity [202] 

tMCAO 1 hour before 
MCAO, I.P. 

50 mg/kg NADPH 
Oxidase, O2

- 
Infarct volume [235] 

Apocynin 
Picrorhiza  

kurroa tMCAO Not mentioned 30 mg/kg NADPH 
Oxidase, 
MMP-9 

Infarct volume [204] 

tMCAO Immediately, 24 
hours and 48 hours 
after MCAO, I.P. 

20, 40 mg/kg MDA, GSH-
PX, SOD 

Infarct volume, 
  

[205] 

Astragaloside 
Astragalus 

membranaceus tMCAO Immediately and 12 
hour after 

reperfusion, I.P. 

10, 20 mg/kg MMP-9, AQP4 Brain edema, neurological 
deficit, BBB damage 

[206] 

tMCAO 30 min before 
MCAO and 

immediately after 
reperfusion, I.P. 

100 mg/kg MMP-9 Infarct volume [207] 

Osthole 
Cnidium  

monnieri (L.) 
Cusson tMCAO 30 min before 

MCAO, I.P. 
10, 20 40 

mg/kg 
MDA, GSH, 
MPO, IL-1β, 

IL-8 

Neurological deficit, infarct 
volume, brain edema 

[208] 

Caffeic acid Phaseolus  
vulgaris L. 

Global stroke 30 min prior to 
ischemia, I.P. 

10, 30, 50 
mg/kg 

SOD, MDA, 
NF-κB, 5-LOX 

Spatial learning and 
memory, neuron damage 

[209] 

Magnolol Magnolia 
officinalis 

Global stroke 90 min after 
ischemia, I.P. 

10, 30 mg/kg IL-1β, TNF-α, 
IL-6, iNOS, 

AKT, NF-κB, 

Infarct volume [210] 
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Compound Representative 
Source 

Experimental 
Model 

Treatment Time 
Point and Path 

Dosage Targets Major Results Refs. 

Tetrandrine 
Stephania 
tetrandra  
S. Moore 

tMCAO Immediately after 
reperfusion, I.P. 

5, 10, 20 mg/kg ICAM-1, NF-κB, Brain edema, neutrophilic 
recruitment 

[211] 

Paeoniflorin Paeoniae Radix 

tMCAO 14 day after MCAO, 
twice per day, I.P. 

5 mg/kg TNF-α, IL-1β, 
iNOS, COX-2,  

5-LOX, JNK, p38 
MAPK, NF-κB 

Astrocyte and microglial 
activation, neuron loss,  

[213] 

tMCAO 2 hour before MCAO, 
12, 24, 36 and 48 
hour after MCAO, 

I.P. 

50, 100 mg/kg NF-κB, Notch-1, 
NICD, Hes-1, 

MCP-1 

Microglial activation [214] 

Scutellarin 
Erigeron 

breviscapus 
tMCAO, OGD 30 min before MCAO 

and immediately after 
reperfusion 

20, 60 mg/kg, 
25, 50, 100 uM 

SOD, CAT, GSH, 
ROS 

Infarct volume and 
neurological deficit 

[215] 

tMCAO Once daily for 15 
days, I.G. 

200 mg/kg GSH, GR, GPx, 
SOD, p53, 
caspase-9/3 

Neurological deficit, 
  

[216] 

Silymarin 
Silybum 

marianum 
Transient 
cerebral 
ischemia 

15 min before or 60 
min after ischemia, 

I.V. 

1, 5 ,10 ug/kg COX-2, iNOS, 
MPO, STAT-1, 
NF-κB, IL-1β, 

TNF-α, O2
-,  

3-NT 

Infarct volume, 
neurological deficit 

[217] 

pMCAO Immediately after 
MCAO 

10, 40 mg/kg p-Akt, p-GSK3β, 
NF-κB, p-CREB,  

Infarct volume, brain 
edema, neurological 

deficit,  

[218] 

Berberin 
Coptidis  
Rhizoma tMCAO 30 min before and 1 

day after MCAO 
20 mg/kg ROS, cytochrome 

C, AIF  
Infarct volume, 

neurological deficit, 
neurotoxicity,  

[219] 

Ferulic acid Angelica sinensis tMCAO Immediately after 
MCAO, I.V. 

80, 100 mg/kg ICAM-1, O2-, 
MPO, NF-κB, 

Infarct volume, 
neurological deficit, 

[220] 

Tetramethylpy-
razine 

Ligusticum 
wallichii 

Rhizomes 

pMCAO 30 min before and 60 
min after MCAO, I.P. 

20 mg/kg NO, HMGB1, 
TLR4, Nrf2,  

HO-1,  
ERK, iNOS 

Neuronal loss, 
microglial/macrophage 

activation, 
neutrophil activation,  

[221] 

 
 

ameliorate endogenous and exogenous ONOO- mediated 
neurotoxicity in cultured neuronal cells in vitro. Animal 
experiments further confirmed that baicalin inhibited 3-
nitrotyrosine formation and decreased the infarct size in a rat 
model of cerebral ischemic brain injury [148]. In addition, 
baicalin could inhibit NMDAR mediated calcium influx and 
5-lipoxygenase translocation and activation, and reduced 
primary cortical neurons death in vitro [151]. Baicalin 
revealed its anti-inflammatory properties of inhibiting NF-
κB expression up to 70% and down-regulating the 
downstream signaling molecules including iNOS, COX-2, 
TNF-α, and IL-1β in the ischemic brains under both 
permanent and transient cerebral ischemia animal models 
[149, 150]. Baicalin treatment also reduced BBB damage 
and brain edema by substantially suppressing the MMP-9 

expression and protecting tight junction proteins in ischemic 
brains [152]. The underlying mechanisms of inhibiting 
MMP-9 activity could be related to down-regulating NF-κB 
signaling [153]. Importantly, baicalin is capable of 
penetrating the BBB [154]. Therefore, baicalin could be a 
promising candidate for ischemic stroke treatment as well as 
the adjunct therapy for t-PA, and further study is warranted 
to verify this idea with clinical evidence. 

3.2. Tanshinone IIA  
 Tanshinone IIA is a representative active ingredient of 
Salvia miltiorrhiza root, a commonly used herbal medicine 
for cardiovascular and cerebral vascular diseases. 
Accumulating evidences indicate that Tanshinone IIA could 
target on NF-κB, MMP-9, HMGB1 and RNS synergistically 
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in different experimental stroke models [155-159] Tanshinone 
IIA is effective to reduce infarct volume, brain edema, and 
improve neurological deficits, and its underlying mechanisms 
are involved in multiple molecular targets in current literature 
including apoptosis-related factors [160, 161], NF-κB and neuro-
inflammation factors [155], RNS [156] as well as HMGB1 
[157]. Tanshinone IIA down-regulated the expression of 
MMP-9, HMGB1, RAGE, TLR4, NF-κB, ameliorated BBB 
permeability and endothelial cell dysfunction function, and 
protected rat brains against focal ischemia in transient and 
permanent middle cerebral artery occlusion (MCAO) models 
[158, 159]. Thus, tanshinone IIA is a promising candidate 
compound from a natural source with multiple targets for 
reducing neurotoxicity and BBB damage for stroke treatment. 

3.3. Huperzine A, Honokiol, Puerarin 

 Huperzine A, honokiol and puerarin are natural 
compounds regulating the same targets including NF-κB, 

free radicals, and NMDAR. Huperzine A is an alkaloid 
isolated from Huperzia serrata, which is regarded as a 
selective acetylcholinesterase (AChE) inhibitor and a 
potential drug for treatment of Alzheimer's disease [162, 
163]. Huperzine A was nontoxic in both human and animal 
safety tests [163]. A recent meta-analysis revealed that 
huperzine A improved the cognitive performance of patients 
with AD and vascular dementia (VD) [164]. In a focal 
cerebral ischemia model, huperzine A treatment at 0.1 mg/kg 
reduced brain infarct volume and improved the neurological 
functions. Pre-treatment of huperzine A preserved the activities 
of mitochondrial respiratory chain enzymes (complex I, 
complex II-III, and complex IV), inhibited ROS generation, 
attenuated mitochondrial dysfunction and mitochondrial 
swelling [165] and ameliorated brain inflammation in a focal 
cerebral ischemia animal model [166]. Huperzine A 
inhibited NF-κB expression and attenuated glial activation in 
ischemic brains [166]. In vitro oxygen and glucose deprivation 
(OGD) experiments showed that huperzine A reduced NF-

Table 2. Targets of selected natural compounds. 

 Targets Natural Compound 

LRP-1 PDGF-CC MMP-9 NF-κB VEGF HMGB1 RNS and ROS NMDAR APC 

Baicalin     Y Y     Y Y   

Tanshinone IIA     Y Y   Y Y     

Huperzine A       Y     Y Y   

Honokiol       Y     Y Y   

Puerarin       Y     Y Y   

Curculigoside       Y   Y   Y   

Shikonin     Y Y     Y     

Glycyrrhizin       Y   Y       

Gastrodin             Y Y   

Ginsenoside Rg1             Y Y   

Paeonol             Y Y   

Apocynin     Y       Y     

Astragaloside IV     Y       Y     

Osthole     Y       Y     

Caffeic acid       Y     Y     

Magnolol       Y     Y     

Tetrandrine       Y     Y     

Paeoniflorin       Y     Y     

Scutellarin       Y     Y     

Silymarin       Y     Y     

Berberine       Y     Y     

Ferulic acid       Y     Y     

Tetramethylpyrazine           Y Y     
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κB translocation and activation, downregulated iNOS, COX-
2, inhibited NO production, and prevented cell death [167]. 
Oral administration of huperzine A at 0.2 mg/kg for 9 days 
up-regulated neurotrophic factors like BDNF, NGF, and 
TGF-β1 and improved memory in a mouse model of focal 
cerebral ischemia [168]. Moreover, huperzine A could 
interact with the NMDA receptor and prevent glutamate-
induced calcium influx and neurotoxicity in vitro [163, 169]. 
Huperzine A is also capable of penetrating BBB, which 
makes it more competitive in preventing t-PA-mediated HT 
[163]. Thus, huperzine A is also a good drug candidate as 
adjunct therapy with t-PA for ischemic stroke treatment. 

 Honokiol is a natural compound derived from Magnolia 
grandiflora. Honokiol has pleiotropic effects, including 
chemotherapeutic, neuroprotective and anesthetic effects 
[170]. Honokiol treatment revealed to inhibit inflammation 
and reduce brain edema as well as the BBB leakage [171-
173]. Honokiol blocked translocation and activation of NF-
κB, down-regulated TNF-α expression and inhibited NO 
production in glial cells [171]. Honokiol interrupted the 
interaction of nNOS with postsynaptic density protein 95 
(PSD95) [174]. In a mouse cerebral ischemia model, 
Honokiol was found to reduce ROS production through 
preserving Na+/K+-ATPase activity and maintaining the 
mitochondrial membrane potentials [172]. Moreover, 
honokiol attenuated neutrophil infiltration and reduced 
calcium overload [173], inhibited NMDA neurotoxicity 
[175]. Honokiol is also a BBB-permeable active compound 
[176, 177]. It is notable that honokiol is a potent inhibitor of 
arterial thrombosis [178] and has the value for thrombotic 
stroke. Given that the promising evidence has been obtained, 
honokiol could be considered as a good candidate for further 
study.  

 Puerarin is an isoflavonoid derived from medicinal plant 
Radix puerariae and has great potentials for stroke 
treatment. Even delayed treatment of puerarin at 24 hours 
after ischemic stroke successfully reduced brain infarct 
volume and improved neurological outcome [179]. Puerarin 
treatment for 7 days was effective in reducing infarct size 
and improving neurological outcome, as well as reducing 
astrocyte apoptosis [180]. In addition, puerarin inhibited 
caspase-3 and NMDAR expression, reducing neuronal 
damage in cerebral ischemia [181, 182]. Puerarin ameliorated 
neuroinflammation and infarct size and its underlying 
mechanisms could be associated with inhibiting NF-κB 
activity and scavenging hydroxyl radical in rat models of 
MCAO cerebral ischemia [183, 184]. 

3.4. Curculigoside 

 Curculigoside is a major bioactive compound isolated from 
the rhizome of Curculigo orchioides Gaertn. Curculigoside 
was reported to inhibit ROS, NF-κB, and HMGB1 in 
previous studies [185-187]. Curculigoside reduced NMDA-
induced neurotoxicity via scavenging ROS and modulating 
apoptotic-related proteins in cultured cortical neurons [185]. 
Curculigoside treatment reduced the BBB damage and neuro- 
toxicity by concurrently inhibiting NF-κB phosphorylation 
and reducing HMGB1 expression in vivo and in vitro [186]. 
Liquid chromatography–mass spectrometry analysis revealed 
that curculigoside was detectable in rat brain tissues after 

oral intake or intravenous injection, indicating that curculigoside 
could cross the BBB. [187]. Therefore, further studies on 
curculigoside are worth for evaluating its potentials for 
preventing t-PA induced HT in stroke treatment. 

3.5. Shikonin 

 Shikonin is a naphthoquinone pigment isolated from the 
roots of Lithospermum erythrorhizon. Shikonin was reported 
to inhibit ROS production, alleviate brain infarct size and 
improve the neurological outcome in a mouse MCAO model 
[188]. Shikonin inhibited the expression of MMP-9, TLR-4 
and the activity of NF-κB, attenuated neuroinflammation and 
the BBB damage in a mouse transient MCAO model [189]. 
Shikonin down-regulated the activation of NF-κB and the 
expression of iNOS, COX-2 and TNF-α, and reduced ROS 
and NO production in LPS mediated microglial cells 
activation experiments [190]. In addition, Shikonin down-
regulated HMGB1 and NF-κB signaling, and attenuated 
inflammation in an LPS-induced macrophage activation 
model [191]. The effects of shikonin on t-PA mediated HT 
and neurotoxicity remain to be addressed. 

3.6. Glycyrrhizin 

 Glycyrrhizin is the main constitute of herbal medicine 
Glycyrrhiza glabra, and it has inhibitory effects on NF-κB 
and HMGB1. Glycyrrhizin reduced HMGB1 secretion, 
down-regulated many inflammatory factors including TNF-
α, iNOS, IL-1β, and IL-6 in ischemic brains [192, 193]. 
Glycyrrhizin inhibited the interaction between HMGB1 and 
PKC or calcium/calmodulin-dependent protein kinase IV 
(CaMKIV), reducing HMGB1 phosphorylation and its 
subsequent release [192]. Glycyrrhizin treatment ameliorated 
infarct volume and improved neurological outcomes in both 
transient ischemic stroke model and acute hyperglycemia 
stroke model [192-194]. Moreover, glycyrrhizin exhibited 
anti-apoptotic effects via inhibiting IL-17 A mediated 
reduction of bcl-2/bax ratio and cytochrome C release in 
ischemic brains [193, 195]. Glycyrrhizin reduced oxidative 
stress and NF-κB related brain inflammation in rodent 
ischemic stroke model [192, 193, 196]. Thus, glycyrrhizin is 
a potent multi-target compound in alleviating cerebral 
ischemia-reperfusion injury. The effects of glycyrrhizin on 
the BBB permeability and t-PA’-mediated HT remain to be 
addressed in future. 

3.7. Gastrodin, Ginsenoside Rg1, and Paeonol 

 These compounds could target on scavenging free 
radicals and inhibiting NMDAR activation and have 
therapeutic potentials for cerebral ischemia-reperfusion 
injury. Gastrodin, the main constitute of Gastrodia elata, 
exhibited anti-inflammation and antioxidant effects through 
down-regulating TNF-α, IL-1β, and increasing SOD and 
Nrf2 in rodent ischemic brains [197]. Gastrodin also reduced 
NMDA or glutamate-induced neurotoxicity in cortical 
neurons in vitro [197, 198]. Ginsenoside Rg1 reduced brain 
infarct volume and alleviated neurological deficit through 
reducing MDA level and NF-κB translocation in an 
experimental stroke model [199]. In an in vitro study, 
Ginsenoside Rg1 reduced neurotoxicity via inhibiting 
NMDAR induced calcium influx [200]. Similarly, paeonol, 
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an active compound from Paeonia suffruticosa Andrews and 
Paeonia lactiflora Pall, revealed to reduce malondialdehyde 
(MDA), an index of lipid peroxidation, and upregulate SOD 
activity, increase the HO-1 and Nrf2 level and attenuate 
infarct volume in experimental ischemic brain model [201]. 
Paeonol also reduced neurotoxicity via targeting on NMDAR 
in cultured neurons exposed to OGD condition [202]. The 
values of Gastrodin, Ginsenoside Rg1, and Paeonol for 
reducing t-PA’s side effects remain to be addressed. 

3.8. Apocynin, Astragaloside IV, Osthole 
 Apocynin is an NADPH oxidase inhibitor. By inhibiting 
NADPH oxidase activity, apocynin reduced superoxide 
production and down-regulated MMP-9 expression in an 
experimental cerebral ischemia model [203, 204]. Astragaloside 
IV treatment at 20 mg/kg down-regulated MMP-9 expression 
and upregulated SOD activity in ischemic brain tissues [205, 
206]. Osthole was reported to have similar effects on 
inhibiting MMP-9 activity and oxidative stress in rat MCAO 
cerebral ischemia models [207, 208]. However, with current 
evidence, it is still premature to draw a conclusion about the 
neuroprotective effects of those compounds for ischemic 
stroke with or without t-PA treatment.  

3.9. Other Compounds 
 Compounds mainly targeting on NF-κB and free radicals 
include caffeic acid [209], magnolol [210], tetrandrine [211, 
212], paeoniflorin [213], scutellarin [214, 215], silymarin 
[216, 217], berberine [218, 219], ferulic acid [220] and 
tetramethylpyrazine [221], which are listed in Table 2. Due to 
the limited space, we will not discuss in details about those 
compounds but simply summarize their pharmacological 
functions in Table 1. Those compounds also merit further 
investigation in regarding to reducing t-PA-induced HT and 
neurotoxicity. 

4. DISCUSSION 
 In this comprehensive review article, we have summarized 
current progress on the molecular targets involved in t-PA-
mediated HT and neurotoxicity and selected several active 
compounds potentially for t-PA as the combined therapies 
for ischemic stroke. Total 23 compounds with the functions 
of targeting at least two mentioned targets are included in the 
study. Those compounds merit further studies toward 
combined therapy with t-PA for ischemic stroke treatment. 
Nevertheless, with limited literature evidence, we should 
remark that it is still premature to argue which compound 
enjoy the highest priority for further development of an 
adjunct agent to reduce the side effects of t-PA and enhance 
therapeutic outcome. We specifically address several 
important issues in the interpretation of research results, 
which should be paid great attentions in future studies. 

4.1. Multi-target and their Interaction 
 Current evidence indicates the involvement of multiple 
molecular targets in mediating t-PA-induced HT and 
neurotoxicity during stroke treatment. As shown in Fig. 1, 
LRP-1 can activate NF-κB and induce MMP-9 expression in 
glial cells, and mediate NMDAR activation in neurons in the 
presence of t-PA. HMGB-1 could bind to its receptors 

including TLR4 and RAGE, inducing NF-κB activation and 
MMP-9 production. Free radicals participate in NF-κB 
activation, MMP-9 production, and activation. We believe 
that more and more targets will be found in further studies. 
For example, NURR1 was recently reported to participate in 
the process of HT in t-PA treated ischemic brains [222]. 
Under such complex network systems involving different 
signaling pathways, these targets themselves may have 
independent and/or synergic effects on certain pathological 
processes in ischemic stroke. Modulating one target may 
affect other targets consequently. For example, the 
antioxidant effects might contribute to the modulation of 
other targets like MMP-9, NF-κB and so on. In data 
interpretation, the pharmacological effects on the different 
targets could be due to direct interactions, or simply because 
of the indirect responses of molecules to the regulation of 
upstream signaling and/or the synergic effects of the network 
signaling systems. On the other hand, current studies mainly 
focus on the effects of natural compounds for scavenging 
free radicals or their antioxidant properties and regulating 
NF-κB signaling, but much less attention has been paid to 
other molecular targets such as LRP-1, PDGF-CC, VEGF, 
and APC (Table 2). Thus, further study is desirable for 
addressing to the specific interactions or direct binding 
effects of natural compounds on their molecular targets. 

4.2. One-drug-multi-target: Potential of Natural 
Compounds 
 With multiple targets involved in t-PA mediated HT and 
neurotoxicity, strategy for modulating one target seems to be 
insufficient to achieve satisfactory outcomes [223]. Multiple 
target modulating strategy should be considered to intervene 
with the complex pathological process. There are two 
possible ways to modulate multiple targets simultaneously: 
one is to use multiple drugs for different targets at the same 
time; the other is to use one compound interfering with 
multiple targets, which is so called “one-drug-multi-target.” 
The combination of t-PA with natural compounds fits in the 
concept of targeting thrombolysis and achieving neuro- 
protection at the same time. Herein, using multi-target 
natural compounds could be a promising combined therapy 
with t-PA to reduce HT and neurotoxicity and extend the 
therapeutic time windows during stroke treatment.  
 One-drug-multi-target paradigm strategy has been 
proposed for AD treatment [224]. Although the strategy 
seems to be challenging for stroke treatment but it should be 
feasible. Many compounds from natural source have good 
profiles in both safety and efficacy. For examples, Flavocoxid, 
containing baicalin and catechin, has been approved by FDA 
as a medicinal food for osteoarthritis. Flavocoxid has neuro- 
protective effects against global cerebral ischemic injury 
[225]. Tanshinone IIA is approved for treating cardiovascular 
diseases in China [226, 227]. With its neuroprotective 
property, Tanshinone IIA is also promising for stroke 
treatment with multiple targets involved. Huperzine A is a 
nonprescription diary supplement. Although huperzine A is 
not yet approved by FDA [228], it has been approved for AD 
in China since 1994. A recent meta-analysis suggests that 
huperzine A has good safety [164]. Glycyrrhizin is a 
clinically used drug in Japan for treating viral hepatitis. A 
recent study indicates that glycyrrhizin has well-tolerance in 
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patients and healthy volunteers without severe adverse 
effects [229]. Thus, those healthy food supplements, if their 
neuroprotection effects are proved, have the priority for the 
translation into clinical use for stroke. 

 Among 23 selected natural compounds, 7 compounds 
including baicalin, huperzine A, tanshinone IIA, honokiol, 
puerarin, curculigoside, and shikonin could act on at least 3 
mentioned targets and have neuroprotective effects in 
various experimental stroke models, while others affect at 
least 2 molecular targets. Some of the natural compounds 
have been verified by several independent studies, with 
consistent protective effects and pleiotropic effects against 
ischemic brain injury in different experimental stroke 
models. For example, baicalin has been proved to maintain 
the BBB integrity, reduce infarct volume and brain edema, 
and improve the neurological outcomes in transient and 
permanent MCAO models in vivo as well as OGD model in 
vitro. Similarly, Tanshinone IIA protects against ischemic 
brain damages in various animal models of both transient 
ischemia and permanent ischemia. Honokiol protects 
neurons and maintains BBB integrity with in vivo and in 
vitro experimental evidence. Glycyrrhizin inhibits HMGB1 
and NF-κB and has anti-inflammatory effects, subsequently 
reducing infarct volume, BBB damage and neurological 
deficit in transient MCAO cerebral ischemic models. The 
pleiotropic effects on multi-targets have been tested in at 
least 5 independent studies (Tables 1 and 2). Thus, those 
compounds should have high priority for further investigation 
and have potentials to develop into new drugs for stroke 
[230]. Notably, due to the diversity of research qualities and 
methodology, high-quality investigations are needed to further 
evaluate their pharmacological efficacy, bioavailability, 
pharmacokinetics/pharmacodynamics and toxicity for drug 
development.  

4.3. Development of Natural Compounds: Issues to be 
Considered 

 For developing drug candidates, we should also consider 
following aspects. 

4.3.1. Optimal Dosage 

 Although most of the studies provided the data of dose-
dependent responses, we should note the same compound 
has a diversity of dosages used in different studies. One 
study used the lowest dosage of honokiol at 0.1 µg/kg but the 
other employed the highest dosage up to 100 mg/kg (Table 1). 
With huge difference in the dosage, it is tough to interpret 
the results when they are put together. Hence, the optimal 
dosages for the combined treatment with t-PA are important. 
We note that some compounds revealed their neuroprotective 
effects even at relatively low dosages. For example, even at 
the very low dosage (0.1 mg/kg), huperzine still presented its 
neuroprotective effects [166]. Based on the critical 
consideration, we recommend giving high priority to 
huperzine A, curculigoside, glycyrrhizin, and honokiol for 
further studies. 

4.3.2. Therapeutic Time Window 

 The therapeutic time window is another important issue. 
As shown in Table 1, in most of the studies, the compounds 

were administrated within 2 hours after MCAO, which is at 
the benefit time window of t-PA for neuroprotection. We 
should be cautious whether the protective effects of those 
compounds are still existed when treated beyond 4.5 hours 
after ischemic stroke. By considering this critical issue, 
puerarin, curculigoside and glycyrrhizin are good drug 
candidates. Puerarin treated at 24 hours after ischemic onset 
and continuously for 14 days revealed to improve the 
neurological outcome in a rat MCAO model [179]. 
Curculigoside treated at 5 hours after MCAO effectively 
down-regulated the expression of NF-κB and HMGB1, 
reduced brain damage and BBB breakdown [186]. Similarly, 
treatment of glycyrrhizin at 6 hours after MCAO 
significantly inhibited HMGB1 secretion, reduced infarct 
volume and suppressed inflammation [192]. Those studies 
are valuable, as they demonstrated the protective effects of 
those compounds administrated beyond the t-PA’s treatment 
time window. 

 Stroke has three pathological phases [231]. The first 
phase occurs within hours after stroke onset. In this period, 
infarct volume develops quickly at the penumbra area of 
ischemic brains. Strategies for rapid recanalization or 
neuroprotection are necessary to attenuate brain damage at 
this phage. The second phase is from days to weeks after 
stroke onset. In this period, the brain begins to remodel with 
neurogenesis and angiogenesis. Post-stroke inflammation 
could exacerbate the brain damage and block neurogenesis. 
Promoting brain repair and anti-inflammation should be the 
promising strategy at that period for stroke treatment. 
Puerarin and glycyrrhizin treatment could achieve the goals 
to anti-inflammation and promoting neurogenesis and 
angiogenesis. The third phase is the chronic progress of post-
stroke recovery in which brain condition gets relatively stable, 
but therapeutic modification is still possible. Glycyrrhizin 
and puerarin appear to be good candidates. Hence, more 
attentions should be given to the compounds with long term 
effects even administrated at late phase for translational 
study. For the development of combined treatment with 
thrombolytic therapy, the optimal time point should be taken 
into consideration to evaluate the application potentials of 
the candidate drugs. 

4.3.3. Long-term Efficacy 

 The long-term efficacy is also an important issue for drug 
development. Compounds exert their protective effects at the 
acute phase but may not necessarily possess long-term 
efficacy, eventually failing to provide therapeutic benefits in 
a long-term way. Previous studies seldom paid attention to 
evaluating the long-term effectiveness of those natural 
compounds. Notably, treatment of Tanshinone IIA for 7 days 
or 15 days inhibited the expression of HMGB1 and NF-κB 
signaling and attenuated infarct volume in an experimental 
stroke model [157]. Puerarin also has long-term neuro- 
protective effects. Treatment for 14 days enhanced neuro- 
vascular remodeling, attenuated brain infarct volume and 
improved the neurological outcome [179]. Paeoniflorin 
treatment for 14 days significantly suppressed activation of 
glial cells and reduced the cytokines expression in a rat 
MCAO cerebral ischemia model [213]. Those compounds 
are valuable for their long-term neuroprotective effects. 
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4.3.4. Outcome Measurement 

 Outcome measurement is another important issue. Many 
natural compounds were reported to reduce the infarct 
volume, attenuate BBB damage and brain edema, inhibit 
inflammation and improve neurological functions (Table 1). 
The compounds have high priority for further investigations 
because of achieving multiple outcomes to modulate 
different pathological aspects. For drug discovery, we should 
evaluate multiple aspects in protection against ischemic 
brain damages with the outcomes at molecular, histological 
and neurological function levels. In data interpretation, we 
should emphasize to differentiate the therapeutic outcome 
from the observed compound itself or the synergic effects of 
the compound with t-PA or other drugs when combination 
therapy is applied. 

4.3.5. Safety and Drug-drug Interaction 

 Safety issues and drug-drug interactions are other  
critical issues when those compounds are simultaneously 
administrated with t-PA, particularly for the compounds with 
the function of thrombolysis [232]. Honokiol is one of  
the representative thrombolytic compounds [178]. The 
combination of natural compounds with t-PA may yield other 
potential problems such as complex drug-drug interaction, 
potential side-effects, uneven absorption and distribution 
[233]. Selection of suitable animal models is another 
important issue for drug development. Embolic stroke model 
should be adopted for thrombolytic treatment because suture 
occlusion of MCAO could not tell the recanalization rate 
induced by t-PA. All of those aspects should be carefully 
addressed for the development of combination therapy. We 
also remark that the combination of two compounds may be 
not necessary to generate a better therapeutic outcome. For 
example, erythropoietin was shown neuroprotective; 
however, when combined with t-PA, it could exacerbate HT 
[234]. Hence, the concept of combining t-PA with multi-
target compounds needs to be carefully tested, and multiple 
issues as stated above should be considered for developing 
the adjunct therapy for reducing t-PA’s side effects. 

5. SUMMARY AND CONCLUSION 

 In this article, we reviewed recent developments in the 
molecular targets contributing to the pathogenesis of t-PA-
induced HT and neurotoxicity. Based on the multi-targets 
involved in HT and neurotoxicity, we then selected 23 
representative natural compounds modulating multi-targets 
and evaluated the potentials of those compounds as 
combination therapies with t-PA for acute ischemic stroke. 
Seven of them including baicalin, puerarin, huperzine A, 
honokiol, curculigoside, shikonin, tanshinone IIA are 
reported to modulate at least three molecular targets and 
protect ischemic brains. Those compounds are valuable as 
drug candidates for reducing t-PA-induced HT and 
neurotoxicity. Nevertheless, it is still unclear whether those 
bioactivities are achieved directly or indirectly. Due to the 
diversity of experimental designs and methods, we are far 
beyond the point to draw a conclusion and remark which 
compound is valuable for clinical investigation and 
developing into an adjunct therapy. Information about the 
possible drug-drug interaction of those compounds with t-PA 

is still lacking. The experiments on the pharmacological 
activities, pharmacokinetics/pharmacodynamics and toxicity 
are also necessary for developing those drug candidates. In 
conclusion, natural compounds are essential sources for 
developing a new therapeutic strategy for stroke treatment. 
Developing adjunct therapeutic agents from natural 
compounds would bring novel idea to reduce the t-PA’s 
side-effects and finally save many stroke patients with a 
better outcome. 

LIST OF ABBREVIATIONS 

AD = Alzheimer’s disease 

AKT = protein kinase B 

AIF = Apoptosis Inducing Factor 

AQP4 = Aquaporin 4 

APC = activated protein C 

Bax = Bcl-2-Like Protein 4 

BBB = blood-brain barrier 

Bcl-2 = B-cell lymphoma 2 

BDNF = Brain-derived neurotrophic factor 

CAT = Catalase 

CBF = cerebral blood flow 

COX-2 = Cyclooxygenase-2 

CREB = cAMP response element-binding protein 

DNA = deoxyribonucleic acid 

eNOS = endothelial nitric oxide synthase 

ERK1/2 = extracellular-signal-regulated kinases 

FeTMPyP = Fe(III) tetrakis (1-methyl-4-pyridyl) porphyrin 
pentachlorideporphyrin pentachloride 

GPx = Glutathione peroxidase 

GR = glutathione reductase 

GSH = Glutathione 

GSK-3 = Glycogen synthase kinase 3 

HES-1 = hairy and enhancer of split-1 

HMGB1 = High-mobility group protein B1 

HO-1 = heme oxygenase 1 

HT = hemorrhagic transformation 

ICAM-1 = Intercellular Adhesion Molecule 1 

IL-1β = Interleukin-1 beta 

IL-6 = Interleukin 6 

IL-8 = Interleukin 8 

IL-17A = Interleukin 17A 

iNOS = inducible nitric oxide synthase 

I.P. = Intraperitoneal 
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I.V. = intravenous 

I.G. = intragastric 

JNK = c-Jun N-terminal kinase 

LPS = Lipopolysaccharide 

LRP-1 = Low density lipoprotein receptor-related 
protein 1 

MCAO = middle cerebral artery occlusion 

MCP-1 = monocyte chemotactic protein 1 

MDA = malondialdehyde 

MIF = Migration inhibitory factor 

MMP-9/-3 = Matrix metallopeptidase 9/3 

MPO = Myeloperoxidase 

MTDLs = multi-target directed ligands 

nAChR = Nicotinic acetylcholine receptor 

NADPH = Nicotinamide adenine dinucleotide 
phosphate 

NGF = nerve growth factor 

NMDA = N-methyl-D-aspartate 

NMDAR = N-methyl-D-aspartate receptor 

NICD = Notch intracellular domain 

NURR1 = Nuclear receptor related 1 protein 

NF-κB = nuclear factor kappa-light-chain-enhancer 
of activated B cells 

nNOS = neuronal nitric oxide synthase 

NO = nitric oxide 

NOS = nitric oxide synthase 

Nrf2 = nuclear factor erythroid 2–related factor 2 

OGD = oxygen and glucose deprivation 

ONOO- = peroxynitrite 

PD = Parkinson’s disease 

PDGF-CC = Platelet-derived growth factor-CC 

PDGF-  = platelet-derived growth factor alpha 

pMCAO = permanent MCAO 

PSD95 = postsynaptic density protein 95 

p38 MAPK = p38 mitogen-activated protein kinases 

RAGE = receptor for advanced glycation end- 
products 

RNS = reactive nitrogen species 

ROS = reactive oxygen species 

shRNA = small heparin RNA 

siRNA = small interfering RNA 

SOD = Superoxide Dismutase 

STAT-1 = Signal Transducers and Activators of 
Transcription-1 

TGF-β1 = Transforming growth factor beta 1 

TLR2/4 = Toll-like receptor 2/4 

tMCAO = transient MCAO 

TNF-α = Tumor necrosis factor alpha 

5-LOX = 5-lipoxygenase 

TORC1 = TOR Complex 1 

t-PA = tissue plasminogen activator 

Trx-1 = thioredoxin-1 

VEGF = vascular endothelial growth factor 

ZO-1 = zona occuldens protein 1 
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