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Review article

INTRODUCTION

Cerebral ischemia-reperfusion injury (I/R) is a 
lethal disease, with increased prevalence in the world (1). 
This condition occurs due to cerebrovascular ischemia 
as a result of impaired blood flow. Risk factors such as 
thrombosis or bleeding caused by blood vessels destruction 
increase the risk of I/R. This disorder reduces the oxygen 
and other materials needed for neurons in the brain tissue, 

which ultimately leads to apoptosis and death of neurons 

(2). One of the main strategies for treating ischemic brain 
tissue is to restore the blood flow to the brain. However, 
restoring blood flow leads to the initiation of a series of 
pathogenic mechanisms such as increased intracellular 
calcium, excessive production of reactive oxygen 
species (ROS) through endoplasmic reticulum (ER) and 
mitochondrial dysfunction, and ultimately inflammatory 
responses increase as a result of immune system cells 
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activation (3,4). Hence, identification of pathways leading to 
apoptosis and death of neuronal cells by restoring blood 
flow to the brain tissue can present a supportive treatment 
that increase survival. In this review we discuss pathogenic 
mechanisms followed by the recovery of blood flow in 
patients with I/R injury and the strategies to decrease I/R.

Potential mechanism and pathways in cerebral 
ischemia–reperfusion injury
Attenuation of Nitric Oxide Production

Nitric oxide (NO) is a factor that is produced by 
several cells such as endothelial cells (ECs). NO plays 
several roles in homeostasis and the function of neural 
cells due to the regulation of neural synapses displacement, 
and the flexibility of the blood vessels wall (5,6). However, 
studies have shown that excessive NO production after I 
/ R can interfere with the function of brain neurons and 
ultimately leads to apoptosis (7). The results of these studies 
have shown that caveolin-1 (Cav-1) inhibits the production 
of NO in normal conditions in the blood vessels. Cav-1 
is one of the scaffolding proteins on the ECs membrane, 
which plays an important role in the permeability and 
displacement of materials in blood vessels. On the other 
hand, Cav-1 is characterized to increase angiogenesis 
through NO and vascular endothelial growth factor 
(VEGF) production (8). However, after the I/R, NO 
production increase by ECs as a result of Cav-1 inhibition 
and ultimately NO stimulate Matrix metalloproteinase 
(MMPs) and increase the permeability of the blood-brain 
barrier and increase the production of proinflammatory 
chemokines and cause inflammation which leads to 
neuronal cells apoptosis (9-11). Studies showed that some 
tight junctions, such as VE-cadherines, are involved in 
ECs integrity but the expression of MMPs as a result of 
degradation and dysfunction of the tight junctions in ECs 
increases the permeability of the blood-brain barrier and 
disrupts the exchange of the materials (12). In the case of 
oxidative stress, AMP-activated protein kinase (AMPK) 
inhibits Cav-1, however studies showed AMPK induces 
angiogenesis due to NO production (13). In t other hand, 
studies have shown that AMPK pathways regulate VE-
cadherines in ECs via regulating MMPs expression. 
Therefore, considering the dual role of the AMPK pathway 
in regulating the expression of MMPs, and inducing 
angiogenesis is noticeable, so identifying the pathways 

regulates MMPs and induces angiogenesis through AMPK 
can be an appropriate therapeutic strategy to prevent I/
R (14). It also prevents neuronal cells apoptosis through 
inhibiting caspase 3 (15). Identifying pathways that increase 
angiogenesis via AMPK pathway through NO production 
can be a suitable strategy for inducing angiogenesis and 
repairing the damaged veins after I/R. In the other hand, 
the increased expression of NO-inflammatory mediators 
has been shown to activate P38 / MAPK pathway and 
ultimately impairs the function of the neuronal cells (16). 
Treating I/R patients with ferulic acid which activates p38 
mitogen-activated protein kinases (P38/MAPK) pathway 
and increase BCL-2 expression which prevents neural cells 
apoptosis (17). P38 / MAPK increase HMGB1 expression.
HMGB1 interact with TLR4 at the surface of neutrophils 
and increase NO production and activates NF-KB pathway 
which increase inflammatory response (18-20). The dual 
role of the P38 / MAPK pathway identifies the pathways 
which produce apoptotic and antiapoptotic factors can 
provide an appropriate therapeutic strategy to prevent 
neuronal cells apoptosis due to overproduction of NO. 
However excessive NO production plays an important role 
in the pathogenesis of I/R, the identification of pathways 
which induce angiogenesis through NO can control the 
damage which occur as a result of NO overproduction and 
ultimately prevent the expansion of I/R.

Reactive oxygen species 
It seems that ROS production is particularly important 

among pathogenic factors that lead to the destruction of 
neurons after I/R, because the treatment of these process 
is very difficult (21,22). NOX2/4 is one of the main factors 
in the production of ROS in brain tissues ,and various 
factors affect the expression of NOX2/4 in I/R. Tumor 
growth factor-β (TGF-β) interactions with its receptor 
activates SMAD2/3 pathway and activating receptor-like 
kinase 5 (ALK5) increase the expression of NOX2/4 (23). 
LOX-1 is another factor which increases the expression 
of NOX2/4. Studies showed that increased expression 
of LOX-1 in ECs in brain tissue is accompanied by an 
increase in the expression of NOX2/4 (24,25). Nuclear factor 
erythroid 2-related factor 2 (Nrf2) is one of the main 
factors controlling the production of ROS, which acts as 
an antioxidant agent. The results of recent studies showed 
that the lack of expression of Nrf2 is accompanied by 
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an increase in the expression of LOX-1. Therefore, the 
expression of Nrf2 in I/R decreases(26,27). Also, expression 
of Nrf2 is regulated by cazein kinase 2 (CK2), so the 
reduction of CK2 expression is associated with the 
decrease of Nrf2 expression (28,29). The phosphatidylinositol 
3 kinase (PI3K/AKT) pathway is in the up-stream of 
Nrf2 (30). Studies showed that phosphorylation of PI3K 
/ AKT activate mTOR, which ultimately increases the 
expression of Nrf2. The interaction of Rac-1 with BCL-
2 leads to impairment in mitochondrial function and 
increased ROS production. The intersection leads to the 
control of the PI3K/AKT /mTOR pathway and ultimately 
increases the expression of NOX2 (31). Rac-1 increase the 
release of cytochrome c (cyt.c), as well as an increase in 
the expression of fas-L, which ultimately lead to neuronal 
cells apoptosis due to increased production of ROS 
through activating by activating MLK3 / JNK / c-JUN 
pathway (32).

Inflammatory mechanisms & pathways 
According to experimental and clinical evidence, 

inflammation plays important role in the development of 
I/R . Studies showed that the regulation of inflammatory 
responses is regulated by the expression of pro and pre 
inflammatory cytokines (33). However, recent studies 
have shown that imbalance in the expression of pre-
inflammatory and proinflammatory cytokines is impaired 
after I/R (34). Peroxidase proliferator-activated receptor 
gamma (PPARγ) is one of the factors that normally has 
anti-inflammatory function. PPARγ expression decreases 
after I/R. This factor reduce inflammation through 
reducing the production of inflammatory cytokines such as 
(TNF-α) IL-1, IL-6 and Tumor necrosis factor-α and also 
by regulating the expression of MMPs and its inhibitors 
(35). Additionally JAK / ERK / STAT pathway activation 
after I/R increases the production of inflammatory 
cytokines. Studies showed this pathway increases 
immune responses and inflammation due to increased 
expression of MMPs and inflammatory cytokines. On 
the other hand, considering to this fact : PPARγ reduces 
inflammation by modulating MMPs and their inhibitors, 
we can hypothesize that probably (PPARγ) can reduces 
inflammation by inhibiting the JAK / ERK / STAT 

(35,36). Several studies showed that PPARγ increases the 
expression of hypoxia inducible factor 1 (HIF-1). HIF-

1 reduces the inflammation by reducing the production 
of IFN-γ and increasing the production of IL-4 and IL-
10 cytokines that suppress inflammatory responses. 
However, the expression of HIF-1 is also reduced after 
I/R (37,38). PPARγ reduces inflammatory responses via 
controlling the nuclear factor kappa-light-chain-enhancer 
of activated B cells too. NF-kB increases the incidence 
of inflammation by increasing the expression of sticky 
molecules such as ICAM-1 and VCAM-1, as well as 
the production of inflammatory cytokines. One of the 
main factors behind the NF-KB is the Toll-like receptor 
(TLR), several studies showed that the expression of 
TLR has increased after I/R activates NK-KB pathway 
and increased the inflammation (39,40). Studies showed that 
increase in the expression of ICAM-1 due to inflammation 
as a result of NF-kB activation increase the pro-apoptotic 
molecules and eventually destructs EC cells and impaired 
cerebral blood barrier function. Consequently, increasing 
the expression of ICAM-1 after I/R may be a predictor of 
brain dysfunction and disease progression (41).

Strategies for cerebral ischemia–reperfusion injury 
treatment

Several strategies has been designed and implemented 
to prevent I/R but there is no complete treatment for 
patients. Disturbance in the molecular mechanisms 
between the brain cells such as microglial and astrocytes 
can be the main reason of the disease, most of the recent 
therapeutic approaches target the molecular pathways to 
improve the function of the brain cells (42). We mentioned 
several drugs and their mechanisms in table 1. Most of 
the recent therapeutic approaches have led to therapeutic 
treatment of molecular pathways to improve the function 
of the brain cells. For example, studies have shown that 
brahma-related gene 1 (Brg1) is one of the regulators 
in the cell nucleus, which plays an important role in 
regulating the expression of transcription factors such as 
Nrf2. Studies have shown that increasing the expression 
of Brg1 after I/R can increase the expression of Nrf2 
through reduce the intracellular ROS and prevents 
apoptosis (43). Higenamine can increase the expression of 
Nrf2 and prevent the progression of I/R through regulating 
the PI3k/AKT pathway. Inflammatory responses and 
inflammatory mediators such as IL-1 and TNF-α can lead 
to I/R. Studies have shown that impaired NF-kB pathway 
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plays an essential role in inflammation so berberine can 
regulate NF-kB pathway and prevent inflammation and I/
R (44). Plumbagin is a drug which prevents inflammation 
and can be used in I/R treatment. Studies have shown 
that Plumbagin inhibits NF-kB pathway and prevents 
the production of inflammatory cytokines and MMPs 
(45,46). There are several medications used to treat I / R. 
it has been shown that the focus of treatment design is 
on inflammatory pathways and ROS production because 
preventing apoptosis decrease I / R and increase the 
patients' survival.

CONCLUSION

Finally, it can be concluded that due to the different 
signaling pathways PPARγ can prevent inflammation, the 
expression of PPARγ is reduced after the I/R so we can 
hypothesize that identifying the pathways that enhance 
PPAR γ expression can be used as a target therapy in I / R 
treatment. NF-kB and PI3K / AKT are common pathways 
in inflammation and ROS production, and activation of 
PI3K/AKT and inhibition of NF-kB can significantly 
reduce the incidence of apoptosis in ECs and neurons. 

Therefore future therapeutic approaches can be directed 
toward these pathways, and targeting these two pathways 
will increase patient survival and prevents the I/R.
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10.	 Gürsoy-Özdemir Y, Can A, Dalkara T. Reperfusion-
induced oxidative/nitrative injury to neurovascular 
unit after focal cerebral ischemia. Stroke. 2004;35(6): 
1449-53.

11.	 Gu Y, Zheng G, Xu M, Li Y, Chen X, Zhu W, et 
al. Caveolin-1 regulates nitric oxide-mediated 
matrix metalloproteinases activity and blood–brain 
barrier permeability in focal cerebral ischemia and 
reperfusion injury. Journal of neurochemistry. 2012; 
120(1):147-56.

12.	 Wu J, Yang J, Lu X, Jin C, Wu S, Zhang L, et al. 
Lanthanum Chloride Impairs the Blood-Brain Barrier 
Integrity by Reduction of Junctional Proteins and 
Upregulation of MMP-9 in Rats. Biological trace 
element research. 2018:1-10.

13.	 Takeuchi K, Morizane Y, Kamami-Levy C, Suzuki 
J, Kayama M, Cai W, et al. AMPK inhibits oxidative 
stress induced caveolin-1 phosphorylation and 
endocytosis by suppressing the dissociation between 
c-Abl and prdx1 in endothelial cells. Journal of 
Biological Chemistry. 2013:jbc. M113. 460832.

14.	 Creighton J, Jian M, Sayner S, Alexeyev M, Insel 
PA. Adenosine monophosphate-activated kinase 
α1 promotes endothelial barrier repair. The FASEB 
Journal. 2011;25(10):3356-65.

15.	 Wu H, Guo P, Li X, Jin Z, Yang X, Wang Y. 
Hydroxybutyrate promotes the recovery from cerebral 
infarction by activating Amp‑activated protein kinase 
signaling. Experimental and therapeutic medicine. 
2018;16(2):1195-202.

16.	 Jiang M, Li J, Peng Q, Liu Y, Liu W, Luo C, et al. 
Neuroprotective effects of bilobalide on cerebral 
ischemia and reperfusion injury are associated with 
inhibition of pro-inflammatory mediator production 
and down-regulation of JNK1/2 and p38 MAPK 
activation. Journal of neuroinflammation. 2014; 
11(1):167.

17.	 Cheng C-Y, Tang N-Y, Kao S-T, Hsieh C-L. Ferulic 
acid administered at various time points protects 
against cerebral infarction by activating p38 MAPK/
p90RSK/CREB/Bcl-2 anti-apoptotic signaling in the 
subacute phase of cerebral ischemia-reperfusion injury 
in rats. PloS one. 2016;11(5):e0155748.

18.	 Chang C-Y, Kao T-K, Chen W-Y, Ou Y-C, Li 
J-R, Liao S-L, et al. Tetramethylpyrazine inhibits 
neutrophil activation following permanent cerebral 
ischemia in rats. Biochemical and biophysical research 
communications. 2015;463(3):421-7.

19.	 Liu A, Zhu W, Sun L, Han G, Liu H, Chen Z, et al. 
Ginsenoside Rb1 administration attenuates focal 
cerebral ischemic reperfusion injury through inhibition 
of HMGB1 and inflammation signals. Experimental 
and therapeutic medicine. 2018;16(4):3020-6.

20.	 Kikuchi K, Kawahara K-i, Biswas KK, Ito T, 
Tancharoen S, Morimoto Y, et al. Minocycline 
attenuates both OGD-induced HMGB1 release and 
HMGB1-induced cell death in ischemic neuronal 
injury in PC12 cells. Biochemical and biophysical 
research communications. 2009;385(2):132-6.

21.	 Chen H, Yoshioka H, Kim GS, Jung JE, Okami N, 



94

Acta Neurologica Taiwanica Vol 28 No 4 December 2019

Sakata H, et al. Oxidative stress in ischemic brain 
damage: mechanisms of cell death and potential 
molecular targets for neuroprotection. Antioxidants & 
redox signaling. 2011;14(8):1505-17.

22.	 Jiang Y-f, Liu Z-q, Cui W, Zhang W-t, Gong J-p, 
Wang X-m, et al. Antioxidant effect of salvianolic acid 
B on hippocampal CA1 neurons in mice with cerebral 
ischemia and reperfusion injury. Chinese journal of 
integrative medicine. 2015;21(7):516-22.

23.	 Lou Z, Wang AP, Duan XM, Hu GH, Zuo ML, 
Yang ZB. Role of ALK5/SMAD2/3 signaling in the 
regulation of NOX expression in cerebral ischemia/
reperfusion injury. Experimental and therapeutic 
medicine. 2018;16(3):1671-8.

24.	 Akhmedov A, Bonetti NR, Reiner MF, Spescha 
RD, Amstalden H, Merlini M, et al. Deleterious 
role of endothelial lectin-like oxidized low-density 
lipoprotein receptor-1 in ischaemia/reperfusion 
cerebral injury. Journal of Cerebral Blood Flow & 
Metabolism. 2018:0271678X18793266.

25.	 Zhu T-T, Zhang W-F, Luo P, Qian Z-X, Li F, Zhang Z, 
et al. LOX-1 promotes right ventricular hypertrophy 
in hypoxia-exposed rats. Life sciences. 2017;174:35-
42.

26.	 Ooi BK, Goh BH, Yap WH. Oxidative stress in 
cardiovascular diseases: involvement of Nrf2 
antioxidant redox signaling in macrophage foam cells 
formation. International journal of molecular sciences. 
2017;18(11):2336.

27.	 Hu L, Chen W, Tian F, Yuan C, Wang H, Yue H. 
Neuroprotective role of fucoxanthin against cerebral 
ischemic/reperfusion injury through activation of Nrf2/
HO-1 signaling. Biomedicine & Pharmacotherapy. 
2018;106:1484-9.

28.	 Liang Y, Xu J, Wang Y, Tang J-Y, Yang S-L, Xiang 
H-G, et al. Inhibition of MiRNA-125b Decreases 
Cerebral Ischemia/Reperfusion Injury by Targeting 
CK2α/NADPH Oxidase  S ignal ing .  Cel lu lar 
Physiology and Biochemistry. 2018;45(5):1818-26.

29.	 Iniaghe LO, Krafft PR, Klebe DW, Omogbai EK, 
Zhang JH, Tang J. Dimethyl fumarate confers 
neuroprotection by casein kinase 2 phosphorylation 
of Nrf2 in murine intracerebral hemorrhage. 
Neurobiology of disease. 2015;82:349-58.

30.	 Wen Z, Hou W, Wu W, Zhao Y, Dong X, Bai X, 

et al. 6-O-Galloylpaeoniflorin Attenuates Cerebral 
Ischemia Reperfusion-Induced Neuroinflammation 
and Oxidative Stress via PI3K/Akt/Nrf2 Activation. 
Oxidative medicine and cellular longevity. 2018;2018.

31.	 Pan Y, Wang N, Xia P, Wang E, Guo Q, Ye Z. 
Inhibition of Rac1 ameliorates neuronal oxidative 
stress damage via reducing Bcl-2/Rac1 complex 
formation in mitochondria through PI3K/Akt/mTOR 
pathway. Experimental neurology. 2018;300:149-66.

32.	 Zhang QG, Wang XT, Han D, Yin XH, Zhang GY, 
Xu TL. Akt inhibits MLK3/JNK3 signaling by 
inactivating Rac1: a protective mechanism against 
ischemic brain injury. Journal of neurochemistry. 
2006;98(6):1886-98.

33.	 Yuan L, Qiu L, Ye Y, Wu J, Wang S, Wang X, et al. 
Heat-shock transcription factor 1 is critically involved 
in the ischaemia-induced cardiac hypertrophy via JAK 
2/STAT 3 pathway. Journal of cellular and molecular 
medicine. 2018.

34.	 Park JH, kyu Park O, Cho J-H, Chen BH, Kim IH, 
Ahn JH, et al. Anti-inflammatory effect of tanshinone 
I in neuroprotection against cerebral ischemia–
reperfusion injury in the gerbil hippocampus. 
Neurochemical research. 2014;39(7):1300-12.

35.	 Wu X, Sun X, Wang S, Chen J, Bi Y, Jiang D. 
Mifepristone alleviates cerebral ischemia-reperfusion 
injury in rats by stimulating PPAR γ. European 
review for medical and pharmacological sciences. 
2018;22(17):5688-96.

36.	 Chen P, Zhao D, Sun Y, Huang L, Zhang S, Yuan Y. 
Protein inhibitor of activated STAT-1 is downregulated 
in gastric cancer tissue and involved in cell metastasis. 
Oncology reports. 2012;28(6):2149-55.

37.	 Yang J, Liu C, Du X, Liu M, Ji X, Du H, et al. 
Hypoxia inducible factor 1α plays a key role in 
remote ischemic preconditioning against stroke by 
modulating inflammatory responses in rats. Journal of 
the American Heart Association. 2018;7(5):e007589.

38.	 Martin-Oliva D, Aguilar-Quesada R, O'Valle F, 
Munoz-Gámez JA, Martínez-Romero R, del Moral 
RG, et al. Inhibition of poly (ADP-ribose) polymerase 
modulates tumor-related gene expression, including 
hypoxia-inducible factor-1 activation, during skin 
carcinogenesis. Cancer research. 2006;66(11):5744-
56.



95

Acta Neurologica Taiwanica Vol 28 No 4 December 2019

39.	 Huang T, Gao D, Hei Y, Zhang X, Chen X, Fei Z. 
D-allose protects the blood brain barrier through 
PPARγ-mediated anti-inflammatory pathway in the 
mice model of ischemia reperfusion injury. Brain 
research. 2016;1642:478-86.

40.	 Wang Y, Li L, Deng S, Liu F, He Z. Ursolic Acid 
Ameliorates Inflammation in Cerebral Ischemia and 
Reperfusion Injury Possibly via High Mobility Group 
Box 1/Toll-Like Receptor 4/NFκB Pathway. Frontiers 
in neurology. 2018;9.

41.	 Li W, Suwanwela NC, Patumraj S. Curcumin by 
down-regulating NF-kB and elevating Nrf2, reduces 
brain edema and neurological dysfunction after 
cerebral I/R. Microvascular research. 2016;106:117-
27.

42.	 Wang L, Wang X, Li T, Zhang Y, Ji H. 8e Protects 
against Acute Cerebral Ischemia by Inhibition of 
PI3Kγ-Mediated Superoxide Generation in Microglia. 
Molecules. 2018;23(11):2828.

43.	 Zhang Y, Zhang J, Wu C, Guo S, Su J, Zhao W, et 
al. Higenamine protects neuronal cells from oxygen-
glucose deprivation/reoxygenation-induced injury. 
Journal of cellular biochemistry. 2018.

44.	 Zhu J-r, Lu H-d, Guo C, Fang W-r, Zhao H-d, Zhou 
J-s, et al. Berberine attenuates ischemia–reperfusion 
injury through inhibiting HMGB1 release and NF-κB 
nuclear translocation. Acta pharmacologica Sinica. 
2018:1.

45.	 Son TG, Camandola S, Arumugam TV, Cutler RG, 
Telljohann RS, Mughal MR, et al. Plumbagin, a 
novel Nrf2/ARE activator, protects against cerebral 
ischemia. Journal of neurochemistry. 2010;112(5): 
1316-26.

46.	 Chen X-J, Zhang J-G, Wu L. Plumbagin inhibits 
neuronal apoptosis, intimal hyperplasia and also 
suppresses  TNF-α/NF-κB pa thway induced 
inflammation and matrix metalloproteinase-2/9 
expression in rat cerebral ischemia. Saudi journal of 

biological sciences. 2018;25(6):1033-9.
47.	 Zhu B-l, Xie C-l, Hu N-n, Zhu X-b, Liu C-f. 

Inhibiting of GRASP65 Phosphorylation by DL-3-N-
Butylphthalide Protects against Cerebral Ischemia-
Reperfusion Injury via ERK Signaling. Behavioural 
neurology. 2018;2018.

48.	 Li M, Tian X, An R, Yang M, Zhang Q, Xiang F, et 
al. All-Trans Retinoic Acid Ameliorates the Early 
Experimental Cerebral Ischemia–Reperfusion Injury 
in Rats by Inhibiting the Loss of the Blood–Brain 
Barrier via the JNK/P38MAPK Signaling Pathway. 
Neurochemical research. 2018:1-14.

49.	 Zhang Y, Miao J-M. Ginkgolide K promotes astrocyte 
proliferation and migration after oxygen-glucose 
deprivation via inducing protective autophagy 
through the AMPK/mTOR/ULK1 signaling pathway. 
European journal of pharmacology. 2018;832:96-103.

50.	 Nan W, Zhonghang X, Keyan C, Tongtong L, Wanshu 
G, Zhongxin X. Epigallocatechin-3-Gallate Reduces 
Neuronal Apoptosis in Rats after Middle Cerebral 
Artery Occlusion Injury via PI3K/AKT/eNOS 
Signaling Pathway. BioMed research international. 
2018;2018.

51.	 Xu J,  Kong X, Xiu H, Dou Y, Wu Z, Sun P. 
Combina t ion  o f  curcumin  and  vagus  nerve 
stimulation attenuates cerebral ischemia/reperfusion 
injury-induced behavioral deficits. Biomedicine & 
Pharmacotherapy. 2018;103:614-20.

52.	 Zuo W, Yan F, Zhang B, Hu X, Mei D. Salidroside 
improves brain ischemic injury by activating PI3K/
Akt pathway and reduces complications induced 
by delayed tPA treatment. European journal of 
pharmacology. 2018;830:128-38.

53.	 Guo H, Adah D, James PB, Liu Q, Li G, Ahmadu P, et 
al. Xueshuantong Injection (Lyophilized) Attenuates 
Cerebral Ischemia/Reperfusion Injury by the 
Activation of Nrf2–VEGF Pathway. Neurochemical 
research. 2018;43(5):1096-103.


