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A B S T R A C T   

The protective effects of remote ischemic conditioning (RIC) on acute ischemic stroke have been reported. 
However, the protective mechanisms of RIC have not been fully elucidated. This study aimed to investigate 
whether RIC could reduce oxidative stress and inflammatory responses in middle cerebral artery occlusion 
(MCAO)-reperfusion mice via the nuclear factor-E2-related factor 2 (Nrf2)/heme oxygenase-1 (HO-1) pathway. 
C57BL/6 mice were subjected to MCAO and underwent RIC twice daily at 1, 3, and 7 days after MCAO. ML385 
was used to specifically inhibit Nrf2 in MCAO mice. Neurological deficit scores, infarct volume, and hematoxylin- 
eosin (HE) staining were assessed. Oxidative stress levels were assessed based on total antioxidant capacity 
(TAC), malonaldehyde (MDA), superoxide dismutase (SOD), and glutathione/glutathione disulfide (GSH/GSSG). 
mRNA levels were detected using real-time polymerase chain reaction (PCR), and protein levels were detected 
using western blotting and enzyme-linked immunosorbent assay (ELISA). Protein localization was investigated 
using immunofluorescence staining. RIC significantly reduced infarct volume and improved neurological func
tion and histological changes after MCAO. RIC significantly increased TAC, SOD, and GSH/GSSG levels and 
decreased MDA levels. RIC significantly increased Nrf2 and HO-1 mRNA levels and decreased Keap1, NLRP3, and 
Cleaved Caspase-1 mRNA levels. RIC significantly increased Nrf2, HO-1, and NQO1 protein expression and 
decreased Keap1, NLRP3, Cleaved Caspase-1, Cleaved IL-1β, IL-6, and TNF-α protein expression. RIC promoted 
the activation and translocation of Nrf2 into the nucleus. The protective effects of RIC were abolished by ML385 
treatment. In conclusion, our findings suggest that RIC alleviates oxidative stress and inflammatory responses via 
the Nrf2/HO-1 pathway, which in turn improves neurobehavioral function. RIC may provide novel therapeutic 
options for acute ischemic stroke.   

1. Introduction 

Stroke is one of the most common causes of long-term disability and 
death worldwide, with ischemic stroke being the most common type [1]. 
Reperfusion remains the gold standard of care in patients with ischemic 
stroke but can lead to ischemia-reperfusion injury. Oxidative stress and 
inflammation are key pathological processes associated with cerebral 
ischemia/reperfusion injury. Thus, targeting oxidative stress and neu
roinflammation may be a promising therapeutic strategy for ischemic 

stroke [2]. The nuclear factor-E2-related factor 2 (Nrf2)/heme 
oxygenase-1 (HO-1) pathway plays a crucial role in regulating the 
expression of various antioxidant defense and anti-inflammatory genes 
[3]. Under ischemia-reperfusion injury, Nrf2 translocates to the nucleus, 
activates HO-1, and further represses inflammatory proteins [4,5]. 

Remote ischemic conditioning (RIC) is a remote, transient, and non- 
lethal limb ischemia treatment that has been proven to be safe and 
efficacious in clinical trials [6,7]. Previous work has demonstrated that 
RIC is effective for reducing cerebral infarct volume, increasing cerebral 
blood flow, and improving neurobehavioral function in rats with 
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cerebral infarction [8,9]. However, the protective mechanisms of RIC 
have not been fully elucidated. This study aimed to investigate whether 
RIC treatment could reduce oxidative stress and inflammatory responses 

in middle cerebral artery occlusion (MCAO)-reperfusion mice by acti
vating the Nrf2/HO-1 signaling pathway, thereby improving neuro
behavioral function. 

2. Materials and methods 

2.1. Experimental animals 

A total of 312 male C57BL/6 mice weighing 20–25 g (aged 8–10 
weeks) were purchased from Beijing Vital River Laboratory Animal 
Technology. Animals were maintained at a temperature of 22 ± 2 ◦C, 
humidity of 65 ± 5%, and housed under a 12-h light-dark cycle with ad 
libitum access to food and water. This study was approved by the Ethics 
Committee of the First Hospital of Jilin University (No. 0733). All animal 
procedures were performed in accordance with the regulations of the 
Institutional Animal Care and Use Committee. 

2.2. Experimental design 

Our study was divided into two parts. Animals were divided into two 
parts in a randomized manner for experimental studies. Fig. 1A depicts 
the flowchart of the experimental design. 

Abbreviations 

RIC Remote ischemic conditioning 
MCAO Middle cerebral artery occlusion 
Nrf2 The nuclear factor-E2-related factor 2 
HO-1 Heme oxygenase-1 
TTC 2,3,5-triphenyl tetrazolium chloride 
HE Hematoxylin-Eosin 
TAC Total antioxidant capacity 
MDA Malonaldehyde 
SOD Superoxide dismutase 
GSH/GSSG Glutathione/glutathione disulfide 
PCR Polymerase Chain Reaction 
IF Immunofluorescence 
ELISA Enzyme-linked Immunosorbent Assay  

Fig. 1. RIC improved neurological function in MCAO mice. (A) Study flow chart. (B) Femoral artery blood flow before, during, and after RIC. (C–E) Neurological 
deficit scores based on Zea Longa, Bederson, and modified Garcia scores at 1, 3, and 7 days after MCAO. *P < 0.05, **P < 0.01, ***P < 0.001. 
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2.2.1. Part 1 
The first part of our study explored whether RIC could improve short- 

term and long-term neurological recovery through oxidative stress and 
inflammatory responses. Therefore, 162 mice were randomly divided 
into three different treatment experimental groups to explore the 
effectiveness of RIC treatment for 1, 3, and 7 days (n = 18 per subgroup): 
[1] sham, MCAO 1 day, MCAO + RIC 1 day; [2] sham, MCAO 3 days, 
MCAO + RIC 3 days; [3] sham, MCAO 7 days, MCAO + RIC 7 days. 

2.2.2. Part 2 
The second part of our study explored whether RIC attenuated 

oxidative stress and inflammation via the Nrf2/HO-1 pathway. We 
administered an Nrf2-specific inhibitor, ML385 (MCE, China), to inhibit 
Nrf2 expression 3 days after MCAO. ML385 (30 mg/kg) was dissolved in 
corn oil with 5% dimethyl sulfoxide and injected intraperitoneally in 
mice 1 h before MCAO. The vehicle group was injected with the same 
dose of corn oil and 5% dimethyl sulfoxide. In total, 150 mice were 
randomly divided into five groups (n = 30 per group): sham, MCAO, 
MCAO + RIC, MCAO + RIC + Vehicle, and MCAO + RIC + ML385. 

2.3. Animal models 

Focal cerebral ischemia was induced by MCAO, as described previ
ously [10]. Mice were anesthetized with isoflurane (4% induction; 2% 
maintenance) throughout the operation. The left external carotid artery 
was completely exposed and ligated using a 6-0 suture. A nylon mono
filament (Beijing Cinontech, China) was introduced through the external 
carotid stump into the left internal carotid artery to occlude the origin of 
the MCA and block distal blood flow. After 60 min of occlusion, the 
nylon monofilament was carefully removed to restore blood flow. Body 
temperature was maintained at 37 ± 0.5 ◦C throughout the procedure. 
The sham group underwent an operation without the insertion of a 
nylon monofilament. 

2.4. RIC treatment 

RIC was performed immediately after removing the nylon mono
filament from the external carotid artery. A 3-mm tourniquet was 
tightened on the bilateral hind limbs above the knee joint for four cycles, 
with each occlusion for 5 min and immediately released for 5 min 
(lasting 40 min in total) and continued every 12 h until execution 
(treated with RIC twice daily for 1, 3 or 7 days, respectively) (Fig. 1A). 
Mice were anesthetized with isoflurane during the RIC treatment, as 
described above. The sham and MCAO groups received the same dose of 
isoflurane. 

2.5. Behavioral testing 

Six mice in each group were randomly selected for neurological 
function testing. Mice were placed in the test chamber for 1 h prior to 
testing to allow acclimatization to the environment. Neurological defi
cits were tested using three scores. The Zea Longa (0–4) [11] and 
Bederson (0–5) [12] scores are commonly used methods for scoring 
neurological function in animals, in which higher scores indicate more 
severe neurological deficits. The modified Garcia score [13] ranged from 
3 (maximum deficit) to 18 (no deficit) and included spontaneous ac
tivity, limb extension, forepaw extension, climbing, lateral stroking, and 
vibratory touch. The observers were blinded to the experimental sub
groups while performing neurobehavioral tests. 

2.6. 2,3,5-Triphenyl tetrazolium chloride staining 

Infarct volume was determined using 2,3,5-triphenyl tetrazolium 
chloride (TTC) staining. Coronal brain sections (1 mm thick) were 
immersed in a 2% TTC solution for 20 min at 37 ◦C. The infarcted and 
non-infarcted hemispheres were analyzed using ImageJ software 

(National Institutes of Health, USA). 

2.7. Hematoxylin-eosin staining 

Brain tissues were fixed with 4% paraformaldehyde, embedded in 
paraffin, cut into sections (4 μm), and stained with Hematoxylin-Eosin 
(HE). The sections were observed under a microscope to assess histo
pathological changes in the mouse cortex. 

2.8. Measurement of oxidative stress levels 

Fresh tissue samples were collected from peri-infarct areas. Total 
antioxidant capacity (TAC), malonaldehyde (MDA), and superoxide 
dismutase (SOD) activity were assayed using the TAC assay kit (Sigma, 
USA), MDA assay kit (Beyotime, China), and SOD assay kit (Beyotime, 
China), respectively, according to the manufacturer’s instructions. 
Glutathione/glutathione disulfide (GSH/GSSG) level was assessed using 
the GSH and GSSG assay kits (Beyotime, China), respectively. 

2.9. Quantitative real-time polymerase chain reaction 

Total RNA from the tissue samples was isolated using Monzol reagent 
(Monad, China). Reverse transcription was performed using the Mon
Script RT III Kit (Monad, China). Gene expression was determined using 
SYBR Green reagents (Monad, China) on a real-time polymerase chain 
reaction (PCR) instrument (Thermo Fisher Scientific, USA) according to 
the manufacturer’s instructions. All samples were normalized to β-actin 
mRNA levels. All designed primers were described in previous literature 
[14–16] and checked using Primer-BLAST for specificity binding. The 
primer sequences are listed in Table 1. 

2.10. Western blotting 

Proteins were isolated from the peri-infarct region of mice. Samples 
were incubated with primary antibodies against Nrf2 (1:1000, D1Z9C, 
CST), Keap1 (1:1000, D6B12, CST), HO-1 (1:1000, E3F4S, CST), NQO1 
(1:5000, 67240-1-Ig, Proteintech), NLRP3 (1:1000, CQA3704, Cohe
sion), Cleaved Caspase-1 (1:1000, E2G2I, CST), Cleaved IL-1β (1:1000, 
E7V2A, CST), and β-actin (1:1000, CPA9066, Cohesion) overnight at 
4 ◦C. Samples were then incubated with horseradish peroxidase-linked 
anti-rabbit (1:10,000, CSA2115, Cohesion) or anti-mouse (1:10,000, 
CSA2108, Cohesion) secondary antibodies for 1 h at room temperature 
(22–25 ◦C). Protein bands were visualized using an enhanced chem
iluminescence kit (Millipore, USA) and analyzed using ImageJ software. 
Band gray values were normalized to β-actin levels. 

2.11. Immunofluorescence staining 

Brains were frozen to investigate the localization of Nrf2 and Keap1 
using immunofluorescence (IF) staining. The brain sections were incu
bated with rat anti-Nrf2 (1:200, D9J1B, CST) and rabbit anti-Keap1 
antibodies (1:200, D6B12, CST) at 4 ◦C overnight. The sections were 
then incubated with goat anti-rabbit (1:500, CSA3611, Cohesion) and 
goat anti-rat (1:500, CSA3229, Cohesion) secondary antibodies at room 
temperature (22–25 ◦C) for 1 h. Finally, the sections were incubated 
with DAPI (1 ng/μL, Solarbio) for 5 min at room temperature 
(22–25 ◦C). Fluorescent signals were detected using a confocal fluores
cence microscope (Olympus). 

2.12. Enzyme-linked immunosorbent assay 

The eye socket blood obtained from mice was placed overnight at 
4 ◦C and separated by centrifugation at 3000 r/min, 5 min for the 
collection of the upper serum. Enzyme-linked immunosorbent assay 
(ELISA) kits for Cleaved IL-1β (MM-46433M1), IL-6 (MM-0163M2), and 
TNF-α (MM-0132M2) proteins were purchased from Jiangsu Meimian 
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Industrial Co. The procedure was in accordance with the kit instructions. 
Absorbance was measured at 450 nm using an enzyme marker (Bio Tek, 
USA). 

2.13. Statistical analysis 

Statistical analysis was performed using SPSS software (version 23.0; 
IBM, USA). The distribution of variables was evaluated using the Kol
mogorov–Smirnov test. Normally distributed data are expressed as mean 
± standard deviation. One-way analysis of variance followed by the least 
significant difference test was used to evaluate differences between 
groups. Neurologic deficit scores are expressed as median with inter
quartile range and were analyzed using the Mann–Whitney U test 
because the data were non-normally distributed. Statistical significance 

was set at P < 0.05. 

3. Results 

3.1. Effects of RIC on short-term and long-term neurological recovery 

Mice in each group received RIC treatment twice daily for 1, 3, and 7 
days after MCAO. During RIC treatment, femoral artery blood flow 
decreased by 95.5%. After RIC treatment, femoral artery blood flow 
recovered to approximate initial levels (Fig. 1B). 

Behavioral testing results revealed that neurological function was 
significantly improved in the MCAO + RIC group compared to that in 
the MCAO group at 3 days after MCAO based on Zea Longa, Bederson, 
and modified Garcia scores (all P < 0.05). Neurological function in the 

Table 1 
Real-time PCR primer sequences.  

Gene Primer sequences (forward) Primer sequences (reverse) 

Nrf2 5′-AAAATCATTAACCTCCCTGTTGAT-3′ 5′-CGGCGACTTTATTCTTACCTCTC-3′ 
Keap1 5′-GATATGAGCCAGAGCGGGAC-3′ 5′-CATACAGCAAGCGGTTGAGC-3′ 
HO-1 5′-CAAGCCGAGAATGCTGAGTTCATG-3′ 5′-GCAAGGGATGATTTCCTGCCAG-3′ 
NLRP3 5′-GTGGTGACCCTCTGTGAGGT-3′ 5′-TCTTCCTGGAGCGCTTCTAA-3′ 
Cleaved Caspase-1 5′-ACAAGGCACGGGACCTATG-3′ 5′-TCCCAGTCAGTCCTGGAAATG-3′ 
β-actin 5′-TTCAACACCCCAGCCATG-3′ 5′-CCTCGTAGATGGGCACAGT-3′ 

Abbreviations: PCR, polymerase chain reaction. 

Fig. 2. RIC reduced infarct volume and improved histological changes in the infarcted cortex. (A–B) TTC staining and analysis of infarct volume at 1, 3, and 7 days 
after MCAO. (C) HE staining at 1, 3, and 7 days after MCAO. ***P < 0.001. 
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MCAO + RIC group was significantly improved compared to that in the 
MCAO group at 7 days after MCAO based on Bederson and modified 
Garcia scores (all P < 0.05). No significant difference was observed in 
neurological function scores between the MCAO and MCAO + RIC 
groups 1 day after MCAO (all P > 0.05) (Fig. 1C–E). 

TTC staining results revealed that infarct volume was significantly 
reduced in the MCAO + RIC group compared to that in the MCAO group 
at 1, 3, and 7 days after MCAO (all P < 0.001) (Fig. 2A and B). HE 
staining showed that histopathology of the cortex was normal in the 
sham group. In the MCAO group, most of the cells were disordered, and 

a large number of necrotic cells was observed. Significant histopatho
logical improvement was observed in the MCAO + RIC group compared 
to that in the MCAO group (Fig. 2C). 

Western blotting results revealed that the Nrf2, HO-1, NLRP3, and 
Cleaved Caspase-1 levels were significantly lower in the sham group 
than in the MCAO group at 1, 3, and 7 days after MCAO (all P < 0.05). 
Nrf2 and HO-1 levels were significantly higher, and those of NLRP3 and 
Cleaved Caspase-1 were significantly lower in the MCAO + RIC group 
than in the MCAO group at 1, 3, and 7 days after MCAO (P < 0.05) 
(Fig. 3A–E). 

Fig. 3. RIC increased Nrf2 and HO-1 protein levels and decreased NLRP3 and Cleaved Caspase-1 protein levels. (A) Western blotting of Nrf2, HO-1, NLRP3, Cleaved 
Caspase-1, and β-actin at 1, 3, and 7 days after MCAO. (B–E) Analysis of Nrf2, HO-1, NLRP3, and Cleaved Caspase-1 protein levels at 1, 3, and 7 days after MCAO. *P 
< 0.05, **P < 0.01, ***P < 0.001. 
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3.2. Effects of RIC on oxidative stress and inflammation via the Nrf2/HO- 
1 pathway in MCAO mice 

To further explore whether RIC reduced oxidative stress and 
inflammation via the Nrf2/HO-1 pathway, mice were administered 
ML385 3 days after MCAO. 

Behavioral testing results revealed that neurological function was 
significantly poorer in the MCAO + RIC + ML385 group than in the 
MCAO + RIC and MCAO + RIC + Vehicle groups based on Zea Longa, 
Bederson, and modified Garcia scores (all P < 0.05) (Fig. 4A–C). TTC 
staining showed that infarct volume was significantly larger in the 
MCAO + RIC + ML385 group than in the MCAO + RIC and MCAO + RIC 
+ Vehicle groups (P < 0.001) (Fig. 4D and E). 

Oxidative stress levels were measured by TAC, MDA, SOD, and GSH/ 
GSSG. TAC, SOD, and GSH/GSSG levels were significantly higher, and 
MDA levels were significantly lower in the MCAO + RIC group than in 
the MCAO group (all P < 0.05). In contrast, TAC, SOD, and GSH/GSSG 
levels were significantly lower, and MDA levels were significantly 
higher in the MCAO + RIC + ML385 group than in the MCAO + RIC and 
MCAO + RIC + Vehicle groups (all P < 0.01) (Fig. 4F–I). 

Real-time PCR results revealed that mRNA levels of Nrf2 and HO-1 
were significantly lower, and mRNA levels of Keap1, NLRP3, and 
Cleaved Caspase-1 were significantly higher in the MCAO + RIC +
ML385 group than in the MCAO + RIC and MCAO + RIC + Vehicle 
groups (all P < 0.01) (Fig. 5A–E). Western blotting showed that the 
protein levels of Nrf2, HO-1, and NQO1 were significantly lower, and 
those of Keap1, NLRP3, Cleaved Caspase-1, and Cleaved IL-1β were 
significantly higher in the MCAO + RIC + ML385 group than in the 
MCAO + RIC and MCAO + RIC + Vehicle groups. (all P < 0.05) 
(Fig. 5F–M). These results demonstrated that the protective effects of 
RIC on oxidative stress, neurological function, and infarct volume were 
dependent on Nrf2 activation. 

IF staining results revealed that relative to that in the MCAO group, 
Nrf2 was activated and translocated to the nucleus, while Keap1 
expression was reduced in the MCAO + RIC group. Compared with that 
in the MCAO + RIC and MCAO + RIC + Vehicle groups, Nrf2 expression 
was significantly suppressed, and Keap1 expression was significantly 
increased in the MCAO + RIC + ML385 group (Fig. 6A). 

ELISA results revealed that the protein levels of Cleaved IL-1β, IL-6, 
and TNF-α were significantly lower in the MCAO + RIC group than in the 
MCAO group (all P < 0.05). Compared with the MCAO + RIC and 
MCAO + RIC + Vehicle groups, the protein levels of Cleaved IL-1β, IL-6, 
and TNF-α were significantly higher in the MCAO + RIC + ML385 group 
(all P < 0.01) (Fig. 6B–D). 

4. Discussion 

In the present study, we observed that RIC significantly improved 
neurological function and infarct volume in MCAO mice. These effects 
were underscored by an upregulation of the Nrf2/HO-1 pathway and a 
downregulation of the NLRP3/Cleaved Caspase-1 pathway. Moreover, 
ML385 eliminated RIC-related neurological improvements and brain 
infarct volume, which was associated with reduced Nrf2 nuclear trans
location; upregulation of Keap1, NLRP3, Cleaved Caspase-1, Cleaved IL- 
1β, TNF-α, and IL-6, and downregulation of Nrf2, HO-1, and NQO1. In 
summary, our study demonstrated that in MCAO mice, RIC attenuated 
oxidative stress and inflammatory responses via the Nrf2/HO-1 
pathway, which in turn improved neurological recovery. These results 
provide novel evidence for the potential clinical utility of RIC. 

In recent years, the protective effects of RIC on cerebrovascular 
diseases, particularly ischemic stroke, have been reported [17,18]. 
However, the appropriate duration of RIC treatment remains unclear. 
Liang et al. [19] discovered that RIC could promote functional recovery 
and alleviate brain impairment. Furthermore, infarction volume was 
significantly lower in RIC therapy for 21 days than for 2 days in MCAO 
rats. This indicates that a longer duration of RIC may play a better role in 

reducing infarct volume. Our study identified that RIC significantly 
reduced infarct volume and improved neurological function and histo
logical changes at 1, 3, and 7 days after MCAO, and the infarct size 
gradually decreased as the duration of RIC treatment increased. How
ever, the specific mechanisms through which RIC exerts a neuro
protective role and reduces infarct size in acute ischemic stroke remain 
unclear. Xia et al. [20] suggested that RIC plays a neuroprotective role 
through the HIF-1α/AMPK/HSP70 pathway in MCAO rats. Another 
study reported that RIC significantly reduced infarcts and improved 
neurological outcomes by promoting neurogenesis and revasculariza
tion in MCAO rats [21]. In addition, immediate RIC treatment has been 
reported to provide neuroprotection by leptomeningeal collateral cir
culation [22]. Nevertheless, studies on whether RIC can exert neuro
protection by reducing oxidative stress after cerebral 
ischemia-reperfusion are scarce. Previous studies have demonstrated 
that inhibiting oxidative stress-related pathways can significantly 
reduce infarct volumes and alleviate neurological deficits 3, 7, and 14 
days after MCAO [23]. Another study demonstrated that intravenous 
administration of oxidative stress defense factor, Nrf2 activator, reduced 
infarct size and improved neurological function in 
ischemia-reperfusion-injured mice [24]. Furthermore, the study by 
Zhang et al. [25] was the first to explore RIC application to retinal 
ischemia-reperfusion injury and identified that RIC treatment could 
provide retinal protection against ischemia-reperfusion injury by upre
gulating Nrf2 and HO-1 proteins in retinal ischemia-reperfusion rats, 
providing new evidence to support RIC as a non-invasive antioxidant, 
neuroprotective strategy. To our knowledge, the present study is the first 
to explore whether RIC improves neurobehavioral function by attenu
ating oxidative stress and inflammatory responses via the Nrf2/HO-1 
signaling pathway in MCAO mice. 

Extensive evidence indicates that oxidative stress and inflammatory 
responses are the main pathological processes that lead to impaired 
neurological function in acute ischemic stroke [26,27]. Concurrently, 
the interaction between oxidative stress and inflammatory responses 
creates a vicious cycle that continues to exacerbate neurological damage 
[16]. The brain is the most susceptible organ to oxidative stress. 
Excessive production of oxygen-free radicals can lead to severe neuro
logical deficits in acute ischemic stroke [23]. Decreased TAC and anti
oxidants, such as SOD and GSH, and increased MDA and GSSG can 
directly reflect the degree of oxidative stress after ischemic stroke [28]. 
In this study, we observed that RIC significantly increased TAC, SOD, 
and GSH/GSSG levels and reduced MDA levels in the brain tissue of 
MCAO mice; however, these effects were inhibited by treatment with 
ML385. Therefore, we speculate that RIC exerts its neuroprotective ef
fects by attenuating oxidative stress related to Nrf2. 

Nrf2 plays a crucial role in regulating the expression of oxidative 
stress and inflammatory response genes [29]. Under normal physio
logical conditions, the binding of Nrf2 and its specific inhibitor Keap1 in 
the cytoplasm [30] promotes ubiquitination and degradation of Nrf2 
[31]. When exposed to stress, Nrf2 dissociates from Keap1. As Nrf2 
evades keap1-mediated protein hydrolysis, free Nrf2 transfers from the 
cytoplasm to the nucleus [32,33] and binds to the antioxidant response 
element (ARE) located in its promoter [34], which subsequently acti
vates transcription of antioxidant defense genes, including HO-1 and 
NQO1 [35]. Overall, Nrf2 protects against damage caused by oxidative 
stress by activating the expression of antioxidant genes, exerting 
important neuroprotective effects in the pathogenesis of ischemic stroke 
[36]. In addition, the Nrf2/HO-1 pathway plays an anti-inflammatory 
role by inhibiting the expression of the inflammatory proteins NLRP3, 
Cleaved Caspase-1, Cleaved IL-1β, TNF-α, and IL-6 [37,38]. Consistent 
with the current findings, we observed that Nrf2, HO-1, NLRP3, and 
Cleaved Caspase-1 protein expression levels increased after 
ischemia-reperfusion injury. RIC treatment significantly upregulated the 
levels of Nrf2, HO-1, and NQO1, downregulated the expression of 
Keap1, NLRP3, Cleaved Caspase-1, Cleaved IL-1β, TNF-α, and IL-6, and 
promoted the translocation of Nrf2 to the nucleus. In addition, ML385, 
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Fig. 4. RIC improved neurological function and reduced infarct volume by attenuating oxidative stress levels. (A–C) Neurological deficit scores based on Zea Longa, 
Bederson, and modified Garcia scores at 3 days after MCAO. (D–E) TTC staining and analysis of infarct volume at 3 days after MCAO. (F–I) TAC, MDA, SOD, and 
GSH/GSSG levels at 3 days after MCAO. *P < 0.05, **P < 0.01, ***P < 0.001. 
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Fig. 5. RIC attenuated oxidative stress and inflammatory responses via the Nrf2/HO-1 pathway. (A–E) Analysis of mRNA levels of Nrf2, Keap1, HO-1, NLRP3, and 
Cleaved Caspase-1 at 3 days after MCAO. (F) Western blotting of Nrf2, Keap1, HO-1, NQO1, NLRP3, Cleaved Caspase-1, Cleaved IL-1β, and β-actin at 3 days after 
MCAO. (G–M) Analysis of protein levels of Nrf2, Keap1, HO-1, NQO1, NLRP3, Cleaved Caspase-1, and Cleaved IL-1β at 3 days after MCAO. *P < 0.05, **P < 0.01, 
***P < 0.001. 
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Fig. 6. Immunofluorescence staining of Nrf2 and Keap1 localization and the protein levels by ELISA. (A) The results demonstrated that Nrf2 was activated and 
translocated to the nucleus, and Keap1 expression was reduced in the MCAO + RIC group than in the MCAO group. Nrf2 expression was significantly suppressed, and 
Keap1 expression was significantly increased in the MCAO + RIC + ML385 group than in the MCAO + RIC and MCAO + RIC + Vehicle groups. (B–D) The protein 
levels of Cleaved IL-1β, IL-6, and TNF-α by ELISA at 3 days after MCAO. *P < 0.05, **P < 0.01, ***P < 0.001. 
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an Nrf2 antagonist, binds to the Neh1 DNA-binding domain of Nrf2 and 
affects the DNA binding activity of the Nrf2-MAFG protein complex, 
resulting in reduced transcriptional activity [39]. Because of mutual 
inhibition of Nrf2 and Keap1 [3], the relative lack of Nrf2 allows for the 
relative upregulation of Keap1 [32]. Keap1 acts as a negative regulator 
of Nrf2 [40], and overexpression of Keap1 further inhibits nuclear 
translocation of Nrf2 [41,42]. ML385 treatment attenuated RIC-related 
neuroprotective effects, indicating that these effects were dependent on 
Nrf2. 

This study had several limitations. First, the pathways affecting 
oxidative stress are complex, and we only focused on the Nrf2/HO-1 
pathway. Accordingly, the mechanisms underscoring the effects of RIC 
on oxidative stress warrant further examination. Second, due to the 
difficulty of implementing RIC treatment in cellular experiments, the 
inhibitory response of cells to the Nrf2/HO-1 pathway remains unclear. 
Third, it is unknown whether RIC has anti-oxidative stress effects in 
clinical acute ischemic stroke patients. Our team is conducting two 
clinical trials to explore the safety and efficacy of RIC combined with 
endovascular thrombectomy (SERIC-EVT, NCT04977869) and intrave
nous thrombolysis (SERIC-IVT, NCT04980625) for acute ischemic 
stroke. These clinical trials are likely to contribute to the future pro
motion of RIC clinical application. Fourth, because estrogens may affect 
the treatment and prognosis of neurological diseases, only male mice 
were used in this study to eliminate the effect of estrogens on experi
mental results. 

5. Conclusions 

RIC alleviates oxidative stress and inflammatory responses through 
the Nrf2/HO-1 pathway, which in turn improves neurobehavioral 
function. RIC therapy is a potential non-invasive treatment approach, 
and our study provides more evidence that RIC can be used as an adjunct 
treatment for acute ischemic stroke from an antioxidant and anti- 
inflammatory perspective. 
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