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Abstract:  

Ischaemic-reperfusion injury after stroke involves oxidative stress, mitochondrial dysfunction and regulated cell death, creating a 
need for effective neuroprotective targets. Therefore, it is of interest to examine the recent evidence from 2024 to August 2026 on 
Nrf2-related neuroprotective interventions, with emphasis on SH-SY5Y oxygen-glucose deprivation/reoxygenation models. Recent 
studies indicate that Nrf2 activation may reduce oxidative stress, preserve mitochondrial function and regulate apoptosis, 
autophagy, mitophagy and ferroptosis through pathways involving Keap1-Nrf2, Nrf2/HO-1 and Nrf2/GPX4 signalling. Nrf2 
therefore represents an important experimental target for neuroprotection, although validation in standardized and more human-
relevant models is required before clinical translation. 
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Background: 
Ischaemic stroke continues to impose a major global burden of 
mortality and neurological disability [1]. Reperfusion by 
thrombolysis or mechanical thrombectomy is essential but 
restored blood flow can contribute to secondary reperfusion 
injury [2]. Cerebral ischaemia-reperfusion injury involves 
oxidative stress, mitochondrial dysfunction and regulated cell-
death pathways [3]. Nuclear factor erythroid 2-related factor 2 
(Nrf2) is an important regulator of antioxidant and 
cytoprotective responses during cerebral ischaemic injury [4]. 
Nrf2 activation has also been linked with reduced ferroptosis 
and inflammatory injury after cerebral ischaemia [5]. Recent 
experimental evidence suggests that Nrf2 activation may reduce 
oxidative stress and preserve mitochondrial function during 
reperfusion injury [6]. Human SH-SY5Y cells exposed to 
oxygen-glucose deprivation followed by reoxygenation provide 
an in vitro model for studying neuronal injury [7]. This model 
has also been associated with ferroptosis and mitochondrial 
dysfunction, supporting its use in mechanistic neuroprotection 

studies [8]. Cellular responses may vary with reoxygenation 
duration, highlighting protocol-dependent differences in SH-
SY5Y OGD/R models [9]. Therefore, it is of interest to review 
the recent Nrf2-related neuroprotective interventions in in vitro 
models of hypoxic-ischaemic injury, with emphasis on SH-SY5Y 
OGD/R models. 
 
Literature search and scope: 

Search terms included oxygen-glucose deprivation, OGD/R, 
SH-SY5Y, neuroprotection, Nrf2, NRF2, Keap1, oxidative stress 
and ferroptosis. Recent original studies examining Nrf2-related 
neuroprotective mechanisms were prioritized. Reference lists of 
relevant articles and recent reviews were also examined. The 
evidence was synthesized according to the major mechanisms 
of neuroprotection. Recent studies discussed in this review are 
summarized in Table 1. They mainly evaluated oxidative stress, 
mitochondrial dysfunction, apoptosis, autophagy, mitophagy 
and ferroptosis in SH-SY5Y OGD/R models. 

 
Table 1: Recent studies on Nrf2-related neuroprotection in SH-SY5Y OGD/R models 

Intervention in vitro model Nrf2-related mechanism Main findings References 

Kellerin SH-SY5Y, OGD/R Promoted Akt-dependent Nrf2 nuclear 
translocation; Akt/Nrf2 inhibition 
weakened protection 

Reduced mitochondrial ROS and 
ferroptosis and improved cell 
survival 

[11] 

Indobufen SH-SY5Y, 3 h OGD 
+ 18 h 
reoxygenation 

Increased NRF2 and suppressed ATG5; 
NRF2 knockdown weakened 
protection 

Increased viability and reduced 
oxidative stress, apoptosis and 
excessive autophagy 

[12] 

Epicatechin Senescent SH-SY5Y, 
OGD/R 

Activated Nrf2/HO-1 signalling; Nrf2 
silencing reversed protection 

Improved cell survival and 
antioxidant defence and reduced 
ROS, MDA and apoptosis 

[10] 

NBP–TMP triazole 
hybrid, mainly 
compound 8a 

SH-SY5Y, 3.5 h 
OGD + 12 h 
reoxygenation 

Bound KEAP1 and promoted NRF2 
dissociation and nuclear translocation; 
ML385 weakened protection 

Improved viability and 
mitochondrial function and 
reduced LDH release, ROS and 
lipid peroxidation 

[16] 

Cpd.51, Nrf2 activator SH-SY5Y, OGD/R Interacted with Keap1 BTB domain 
and modulated DHRS3–Nrf2 
signalling; Nrf2 knockdown attenuated 
protection 

Improved viability, GSH, ATP and 
mitochondrial function and 
reduced oxidative injury 

[17] 

Molecular hydrogen (H₂) SH-SY5Y, 5 h OGD 
+ 12 h 
reoxygenation 

Activated Nrf2/HO-1 and 
PINK1/Parkin-mediated mitophagy; 
ML385 reversed protection 

Improved viability and 
mitochondrial function and 
reduced oxidative stress and 
apoptosis 

[15] 

Imperatorin-loaded 
neutrophil-membrane 

SH-SY5Y, OGD/R + 
24 h reoxygenation 

Modulated Nrf2/ARE/Keap1 
signalling; ML385 reduced the 

Improved cell survival and 
Nrf2/HO-1 signalling and reduced 

[18] 
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biomimetic 
nanoparticles 

protective response oxidative injury 

Molecular hydrogen (H₂) SH-SY5Y, OGD/R Activated Nrf2/GPX4/HO-1 
signalling; ML385 abolished protection 

Improved viability and 
mitochondrial membrane potential 
and reduced apoptosis, oxidative 
stress and ferroptosis 

[13] 

 
Nrf2-mediated antioxidant neuroprotection: 
Oxidative stress is an important component of neuronal injury 
during OGD or R. Epicatechin was evaluated in senescent SH-
SY5Y cells and increased Nrf2 or HO-1 signalling. It also 
reduced ROS, MDA and apoptosis while improving cellular 
survival. Nrf2 silencing reversed these effects and supported 
functional involvement of the pathway [10]. The senescence-
associated model may provide additional relevance to ageing. 
However, senescent SH-SY5Y cells cannot reproduce the 
complex cellular changes occurring in the ageing human brain. 
 
Nrf2 signalling and regulated cell death: 
Nrf2-related protection extends beyond classical antioxidant 
activity. Kellerin promoted Akt-dependent Nrf2 nuclear 
translocation and reduced mitochondrial ROS and ferroptotic 
injury. Inhibition of Akt/Nrf2 signalling weakened the 
protective response [11]. Indobufen showed a different 
downstream mechanism. It increased NRF2 activity while 
suppressing ATG5-related excessive autophagy. This was 
associated with improved cell viability and reduced oxidative 
stress and apoptosis. NRF2 knockdown weakened the 
protective effect [12]. Molecular hydrogen also influenced 
ferroptotic injury. It activated the Nrf2/GPX4/HO-1 pathway 
and improved mitochondrial membrane potential. Oxidative 
stress, apoptosis and ferroptosis were reduced, while ML385 
abolished the protective response [13]. These findings support 
interaction between Nrf2 and different forms of regulated cell 
injury. Ferroptosis involves iron-dependent lipid peroxidation 
and disruption of antioxidant defence and has been increasingly 
implicated in neuronal injury after cerebral ischaemia [14]. 
 
Mitochondrial protection and mitophagy: 

Mitochondrial dysfunction contributes to oxidative stress, 
energy failure and apoptosis during OGD or R injury. 
Molecular hydrogen improved cellular viability and 
mitochondrial function in SH-SY5Y cells. The response involved 
Nrf2 or HO-1 signalling together with PINK1 or Parkin-
mediated mitophagy. ML385 reversed the protective effects, 
supporting Nrf2-dependent regulation of mitochondrial quality 
control [15]. Mitophagy may help remove damaged 
mitochondria before further oxidative injury occurs. However, 
evidence for this mechanism remains limited and requires 
confirmation in additional experimental models. 
 
Direct targeting of Keap1-Nrf2 signalling: 
Recent studies have moved from indirect Nrf2 activation 
toward more direct targeting of Keap1-Nrf2 signalling. NBP-
TMP triazole hybrid compound 8a interacted with KEAP1 and 
promoted NRF2 dissociation and nuclear translocation. It 
improved mitochondrial function and reduced ROS, lipid 

peroxidation and cellular injury. ML385 weakened its protective 
effect [16]. Cpd.51 represented another target-directed 
approach. The compound interacted with the Keap1 BTB 
domain and influenced DHRS3-Nrf2 signalling. It improved 
cellular viability, GSH, ATP and mitochondrial function. Nrf2 
knockdown attenuated the protective response [17]. These 
studies provide stronger mechanistic evidence than increased 
Nrf2 expression alone. Direct pathway interaction together with 
functional reversal helps support a specific role of Nrf2 in 
neuroprotection. 
 
Emerging therapeutic and delivery approaches: 
Imperatorin loaded neutrophil membrane biomimetic 
nanoparticles represented a different therapeutic strategy. The 
intervention improved SH-SY5Y cell survival and enhanced 
Nrf2 or HO-1-related signalling. ML385 substantially reduced 
the protective cellular response [18]. The formulation also 
showed targeted accumulation in ischaemic brain tissue in the 
in vivo component of the study. Nanotechnology-based 
approaches may improve drug delivery across the blood-brain 
barrier, although formulation complexity and clinical 
translation remain important challenges [19]. 
 
Translational relevance and limitations: 
The available evidence is predominantly based on SH-SY5Y 
cells. This model provides a reproducible system for studying 
neuronal injury but remains a neuroblastoma-derived cell line. 
It cannot reproduce interactions among neurons, astrocytes, 
microglia, endothelial cells and other components of the 
neurovascular unit. Recent developments in human in vitro 
stroke modelling support the use of multicellular, three-
dimensional and neurovascular-unit models. Such approaches 
may provide greater biological and translational relevance [20]. 

Experimental heterogeneity is another important limitation. 
OGD duration, reoxygenation period, intervention 
concentration and treatment timing differed between studies. 
These differences make direct comparison between 
interventions difficult. Most interventions remain at an early 
experimental stage. Effective concentrations in cell culture 
cannot be assumed to represent clinically achievable exposure. 
Nrf2-dependent cellular protection also does not establish 
blood-brain barrier penetration, pharmacokinetics, therapeutic 
window or clinical efficacy. 
 
Future directions: 

Future studies should use more standardized OGD or R 
protocols and clearly report intervention concentration and 
treatment timing. Direct comparison between promising Nrf2-
targeted interventions may improve understanding of their 
relative mechanisms. Independent replication is also required 
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for newer interventions. Human-derived neurons, multicellular 
models and three-dimensional systems may provide greater 
translational relevance. Clinically achievable concentrations and 
treatment windows should also be examined. 
 
Conclusion: 

Nrf2-related signalling represents a common target across 
recent neuroprotective interventions in SH-SY5Y OGD/R 
models. Its effects involve antioxidant defence, mitochondrial 
preservation and regulation of apoptosis, autophagy, 
mitophagy and ferroptosis. Mechanistic evidence is strongest 
when Nrf2 dependence is confirmed by inhibition, gene 
silencing or direct Keap1-Nrf2 modulation, but more human-
relevant models are required before clinical translation. 
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