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Abstract
Background: Mitochondrial improvement is the central player of neuroprotection following cerebral ischemia/

reperfusion injury (I/RI). The present study evaluated the neuroprotective and anti-inflammatory effects of a new 
mitochondrial-acting drug, sonlicraomanol (SONL), in rats with cerebral I/RI, by focusing on the role of mitochondrial 
ATP-sensitive potassium (mK-ATP) channels and mitochondrial biogenesis.

Methods: Cerebral I/RI was modeled in Sprague Dawley rats (n=36) through induction of two hours of local 
ischemia via middle cerebral artery occlusion, followed by 24 hours of reperfusion. SONL at the concentrations of 10 
and 50μM was intraperitoneally administered to rats for one week before the onset of occlusion. Cerebral infarcted 
areas, brain activity, mitochondrial function and biogenesis, and the levels of pro-inflammatory cytokines were 
quantified by triphenyl-tetrazolium chloride, behavioral tests, fluorometry, immunoblotting, and ELISA, respectively.

Results: Administration of SONL significantly reduced cerebral infarct volume and neurological activity in a dose-
dependent manner, as compared with the untreated control group (p<0.01). SONL (50μM) significantly reversed the 
I/RI-induced changes in mitochondrial membrane depolarization, mitochondrial reactive oxygen species (mitoROS), 
superoxide dismutase (mnSOD), and pro-inflammatory cytokines TNF-α, IL-1β, IL-6 (p<0.01). As well, the expression 
of mitochondrial biogenesis proteins PGC-1α, NRF1, and TFAM was upregulated following SONL 50 μM treatment. 
Importantly, the inhibition of mK-ATP channels through 5-hydoxydecanoate significantly eliminated the neuroprotective, 
anti-inflammatory, and mitochondrial impacts of SONL.

Conclusion: SONL post-conditioning had a significant neuroprotective effect which was mediated through 
increasing mK-ATP channels activity and subsequent improvement of mitochondrial biogenesis and function, and 
reduction of inflammatory responses.

Keywords: Stroke; Ischemia/Reperfusion injury; Mitochondria; 
Inflammation; Neuroprotection

Introduction
Cerebrovascular ischemic disorders are the most common 

disorders worldwide, leading to high morbidity and mortality rates. 
Acute ischemic stroke and the subsequently delayed reperfusion are 
the main cause of many pathophysiological changes and relevant 
disabilities following brain damage in adults [1]. Cerebral ischemia/
reperfusion injuries (I/RI) include a variety of pathophysiological 
consequences that upsurge oxidative stress, inflammatory reactions, 
mitochondrial dysfunction, releasing of endogenous toxic substances, 
microcirculation abnormalities, and apoptotic cell death [1,2]. The 
higher number of cerebral I/RI pathologies is linked with mitochondrial 
dysfunction, which can arise from malfunctioning pathways disturbing 
mitochondrial homeostasis and biogenesis [3].

Previous studies discovered that mitochondrial biogenesis is 
suppressed following cerebral I/RI and thus its upregulation would 
be neuroprotective [3,4]. The transcriptional coactivator, peroxisome 
proliferator-activated receptor-gamma coactivator-1α (PGC-1α), plays 
a critical role in maintaining mitochondrial biogenesis and function [5]. 
In collaboration with nuclear respiratory factor-1 (NRF1), PGC1α also 
controls the expression of a nucleus-encoded protein, mitochondrial 
transcription factor-A (TFAM), which regulates the copy number of 
mitochondrial DNA [6]. As such, the entire mitochondrial biogenesis 
network is highly regulated. Nonetheless, ATP-dependent potassium 
(mK-ATP) channels located in the mitochondrial membrane also play 
a critical role in maintaining this harmony in mitochondrial biogenesis 
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[7,8]. However, these channels are blocked during I/R damage, 
disrupting mitochondrial integrity and increasing the production 
of reactive oxygen species (ROS) and inflammatory cytokines such 
as tumor necrosis factor-alpha (TNF-α) and interleukins [9,10]. As 
a result, mitochondria and mK-ATP channels are considered as the 
central pharmacological targets for neuroprotection and effective 
inhibition of cerebral I/RI.

Sonlicromanol (SONL) is a new mitochondrial-acting drug that 
has strong antioxidative properties and enhances the physiological 
features of mitochondria in vital cells [11,12]. Its safety and efficacy 
have been confirmed recently in patients with mitochondrial diseases 
in phase 1 and 2 clinical trials [11,13]. A recent study reported that 
SONL enhances prostaglandin E2 (PGE2) activity and may increase its 
antioxidative and inflammatory actions [14]. Owing to the protective 
potentials of SONL, there is an opportunity to evaluate its protective 
effects and underlying mechanisms on stroke pathophysiology. 
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Consequently, considering the involvement of mitochondrial 
dysfunction and inflammatory responses in the expansion of cerebral 
I/RI, we aimed to evaluate the protective impacts of SONL on cerebral 
infarction outcomes, mitochondrial function and biogenesis, and the 
levels of pro-inflammatory cytokines, and explore the role of mK-ATP 
channels in these effects.

Materials and Methods
Animals and ethics

Thirty-six Sprague-Dawley rats between 250 and 300g for each 
experiment were obtained from the University Laboratory Animal 
Center and kept at standard animal house temperature of about 
24℃ and humidity of 55% in a 12-h cycle of lightness/darkness. All 
procedures of animal research and handling were performed based on 
the approval of the University Animal Ethics Committee.

Modeling of cerebral ischemia/reperfusion injury and animal 
grouping

The middle cerebral artery occlusion (MCAO) model was 
performed to establish cerebral I/RI based on the previous study 
[15]. At a brief, the rats were anesthetized with chloral hydrate (400 
mg/kg, intraperitoneally). After exposing the right carotid arteries, a 
monofilament thread with 0.234 mm in diameter and a rounded tip 
was guided into the internal carotid artery through the trunk of the 
external carotid artery and mildly advanced for a length of 18-20 mm 
from the bifurcation to block the middle cerebral artery origin. The 
thread was kept in place for 2 hours and then it was withdrawn to start 
reperfusion. A heating pad was utilized to keep body temperature at 37-
37.5°C throughout the experiment. Rats were sacrificed 24 hours after 
postoperative recovery under anesthesia for sampling. Sham-operated 
rats went through the same surgery except for artery occlusion. Rats 
with considerable bleeding and hemorrhage and premature death were 
excluded from the study.

Rats were randomly allocated into the following six groups 
(n=6): 1) Sham; 2) I/R; 3) I/R + SONL10; 4) I/R + SONL50; 5) I/R + 
5HD; and 6) I/R + 5HD + SONL50. In the SOLN-receiving groups, 
sonlicromanol was intraperitoneally administered to rats at the dosages 
of 10 μM (SONL10) and 50 μM (SONL50), for seven days before the 
onset of occlusion [16]. The drug was prepared in 1% DMSO (Sigma-
Aldrich, USA) and the non-treated I/R animals received the same 
volume of DMSO intraperitoneally. To inhibit mK-ATP channels, 
5-Hydroxydecanoate (5HD) at a concentration of 5 μM was injected 
intraperitoneally five minutes before injection of SONL at 50 μM.

Neurological deficit score

Neurological deficit scoring was carried out after 30 minutes of 
the onset of occlusion, for confirmation of successful development of 
MCAO, and 24 hours after occlusion immediately before rats being 
sacrificed. Higher scores in this system indicate more severe cerebral 
injury. A 5-scale scoring system was employed to score neurological 
findings, including No symptoms of neurological deficit = 0, failure to 
extend left paw fully = 1, circling to left = 2, falling to left = 3, did not 
walk spontaneously, and has depressed levels of consciousness = 4 [15].

Measurement of infarct volume

Under anesthesia, the brain tissues from 6 rats in each group 
were immediately collected and samples were frozen at -20°C. The 
brain samples were cut into coronal slices with two millimeters of 
thickness and stained with 2% (w/v) 2,3,5-triphenyl tetrazolium 
chloride (TTC) (Sigma-Aldrich, USA) for 30 min at 37°C followed by 

overnight immersion in 4% (w/v) paraformaldehyde. The slices were 
photographed and analyzed by Image J software (National Institutes of 
Health, Bethesda, USA). White zones of each slice were representative 
of infarct areas. The infarct volumes of brains were measured as infarct 
area percentage and normalized to the brain volume of the animals 
[17].

Measurement of brain water content

The brain water content was determined based on previous work 
[17]. Briefly, all groups of rats were deeply anesthetized and their 
brains were quickly harvested after reperfusion, and the wet tissue was 
weighed, and then dried in an oven for 48 hours at 105°C to measure its 
dry weight. The calculation of brain water content was done according 
to the following formula: [(wet weight − dry weight) / wet weight] × 100%.

Measurement of mitochondrial activity indices

For isolation of the mitochondrial fraction, the samples taken from 
the peripheral penumbra of the ipsilateral cortex of all groups of rats 
were homogenized in the presence of an isolation buffer containing 
proteases inhibitor (Sigma-Aldrich, USA), and centrifuged at 10,000 
rpm for 10 minutes. The resulting pellets were then suspended again 
in the isolation solution and centrifuged at 21,000 rpm to obtain 
mitochondrial fraction. Total proteins of the cortex were extracted 
and quantified using a BCA kit (Beyotime, Jiangsu, China). To 
measure mitochondrial ROS level, the supernatant was incubated at 
37°C for 30 minutes in a 2 μmol DCFDA dye-containing phosphate 
buffer solution (Sigma-Aldrich, USA). Thereafter, using the excitation 
and emission absorbance was detected fluorometrically at 480 nm 
and 530 nm, respectively. The resultant values were adjusted based 
on the samples’ protein concentration. For deterring mitochondrial 
membrane potential depolarization, 100 μl mitochondrial supernatant 
was incubated in a 2 μl JC-1 dye-containing phosphate buffer solution 
(Sigma-Aldrich, USA) at 37°C for 30 minutes in at dark. Then the red 
and green fluorescence intensities of JC-1 in each sample were read 
fluorometrically and the red to green ratio was calculated to estimate 
the degree of mitochondrial membrane depolarization. Additionally, 
mitochondrial manganese superoxide dismutase (MnSOD) was 
measured from the supernatants using an ELISA kit, according to 
instructions of the kit (Sigma-Aldrich, USA). The relative absorbance 
was read at 450 nm spectrophotometrically.

Measurement of pro-inflammatory cytokines

After 24 hours of reperfusion, the samples of the ipsilateral cortex 
were homogenized in lysis buffer solution (Beyotime, Jiangsu, China), 
and then centrifuged at 10,000 rpm. After taking sample supernatants, 
the pro-inflammatory cytokines contents including TNF-α, IL-1β, 
and IL-6 were quantified using specific ELISA kits according to 
manufacturer instruction (MyBioSource, Inc., USA). The cytokines 
contents in each sample were adjusted by protein contents of the 
samples and the values were reported as mg of samples protein.

Western blotting for mitochondrial biogenesis proteins

After subjecting the samples to polyacrylamide gel electrophoresis, 
the proteins were transferred onto a PVDF membrane. Then, the skim 
milk-blocked membranes were incubated in primary antisera including 
rabbit polyclonal antibodies against PGC-1α, NRF-1, and TFAM 
(1:1000, Santa Cruz, USA), or β-actin (1:2000, Santa Cruz, USA). The 
specific antibody-antigen reactions were visualized by an enhanced-
chemiluminescence detection system (Keygen Biotech, Nanjing, 
China). The bands' intensity of target proteins was calculated using 
Quantity One 1-D Analysis Software (Bio-Rad, USA), and normalized 
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to β-actin intensities.

Statistical analysis

The data were reported as mean ± SD. One-way analysis of variance 
(one-way ANOVA) and Tukey post hoc test was employed to analyze 
the statistical differences between the groups. The minimum level of 
significance was considered at the alpha level of 0.05.

Result
The neuroprotective action of SONL

Neurological deficit was assessed using a 5-degree scoring system 
in rats with MCAO-induced cerebral I/R injury. A greater neurological 
deficit was observed in MCAO-receiving rats in comparison to the 
Sham group, indicating the successful induction of cerebral I/R injury. 
After 24 hours of reperfusion, SONL-treated rats showed lower degrees 
of neurological deficit in comparison to the I/R group, but the effect 
of the higher dose of SONL (p<0.001) was greater than that of the low 
dose (p<0.05) (Figure 1). In addition, inhibition of mK-ATP channels 
by 5HD significantly abolished the protective effect of the drug on 
neurological findings as compared with I/R rats receiving SONL 50 μM 
(p<0.01). To confirm SONL-neuroprotective effects, cerebral infarct 
volumes were quantified using the TTC staining method, and the 
results showed that administration of SONL at both doses significantly 

reduced I/R-induced cerebral infarct volumes in a dose-dependent 
manner (p<0.05 and p<0.001) (Figure 2A). Also, SONL at 50 μM 
significantly decreased the brain water content as compared with 
the I/R group (p<0.05) (Figure 2C). Blocking of mK-ATP channels 
significantly abolished the SONL effects on infarct volume (p<0.01) and 
brain water content (p<0.05), compared to the I/R+SONL50 group.

Effect of SONL on the mitochondrial activity

Mitochondrial activity was estimated through the assessment of 
mitochondrial ROS levels and mitochondrial membrane potential 
changes. Cerebral I/R injury significantly augmented the levels of 
mitochondrial ROS and depolarization of mitochondrial membrane 
potential (reduced potential) as compared with the Sham group 
(p<0.001) (Figure 2A and 2B). Nevertheless, SONL administration in 
rats prior to I/R injury significantly inverted I/R-induced changes in 
mitochondrial parameters, dose-dependently (p<0.05 and p<0.001). 
Furthermore, concomitant administration of 5HD significantly 
abolished the beneficial effects of SONL on the I/R-induced changes 
of mitochondrial ROS and membrane potential (p<0.01) (Figure 2).

Effect of SONL on the MnSOD levels

The cerebral levels of MnSOD, as an endogenous potent 
antioxidative enzyme, in the I/R group was significantly lower than that 
of the Sham group (p<0.001) (Figure 3). SONL at 50 μM but not 10 

Figure 1: The neuroprotective actions of SONL following cerebral I/R injury in each group. (A) Neurological deficit score (B)Infarct volumes of brain and (C)their representative 
images (D)Brain water contents (n=6).
**p<0.01, ***p<0.001 compared with Sham group; #p<0.05, ###p<0.001 compared with I/R group; $p<0.05, $$p<0.01 compared with I/R+SONL50 group. I/R:ischemia/
reperfusion; SONL: sonlicromanol; 5HD: 5-hydroxydecanoate.

Figure 2: The actions of SONL on mitochondrial activity following cerebral I/R injury in each group. (A)Mitochondrial ROS levels (B)Mitochondrial membrane potential 
changes (n=6).
***p<0.001 compared with Sham group; #p<0.05, ###p<0.001 compared with I/R group; $$p<0.01 compared with I/R+SONL50 group. I/R:ischemia/reperfusion; SONL: 
sonlicromanol; 5HD: 5-hydroxydecanoate.
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μM significantly elevated I/R-induced reduction of MnSOD (p<0.001). 
However, administration of 5HD to inhibit mK-ATP channels 
significantly hindered the effect of the drug on the MnSOD level, as 
compared with the IR+SONL50 group (p<0.05).

Effect of SONL on the mitochondrial biogenesis proteins

Following in vivo cerebral I/R injury in rats, the protein expression 
of proteins regulating mitochondrial biogenesis (PGC-1α, NRF1, and 
TFAM) decreased significantly (p<0.001). Administration of SONL at 
10 μM was not capable to reduce I/R-induced reduction of proteins 
expression. However, the expression levels of PGC-1α (p<0.001), NRF1, 
and TFAM (p<0.01) were significantly upregulated after administration 
of SONL at 50 μM, compared to the I/R group. Blocking of mK-ATP 
channels by 5HD significantly prevented the effects of SONL at 50 μM 
on the expression of these proteins as compared with the I/R+SONL50 
group (p<0.05) (Figure 4).

Effect of SONL on the proinflammatory cytokines

As shown in Figure 5, the production of proinflammatory cytokines 
TNF-α, IL-6, and IL-1β was significantly amplified after induction 
of cerebral I/R injury in rats compared with that in the sham group 
(P < 0.001). SONL at 10 μM did not affect the level of TNF-α, but it 
significantly reduced the production of IL-6 and IL-1β, in comparison 
to the I/R group (p<0.05). Compared with the I/R group, a significant 
downregulation of the proinflammatory cytokines was observed in 

brain tissues of the rats after administration of SONL at 50 μM group 
(p<0.01 and p<0.001). Furthermore, blocking of mK-ATP channels 
remarkably eliminated the antiinflammatory actions of SONL 50 μM 
in the cerebral I/R setting (p<0.05 and p<0.001).

Discussion
Post-conditioning of rat brains with SONL significantly diminished 

the I/RI-induced cerebral infarcted volumes and neurological deficits 
in a dose-dependent manner. SONL at 50 μm markedly improved 
mitochondrial function and upregulated the expression of PGC-α, 
NRF1, and TFAM biogenesis proteins. It also reduced the production of 
cerebral inflammatory cytokines and inhibited mitochondrial oxidative 
stress. Blockade of mK-ATP channels by 5HD significantly suppressed 
the neuroprotective, anti-inflammatory, and mitochondrial boosting 
effects of SONL. Our findings provided evidence that strengthening 
mitochondrial activity in cerebral cells by SONL may be a promising 
strategy to prevent cerebral I/RI.

Owing to extensive function, mitochondria in cerebral tissues 
have a special role in protecting them against fatal I/RI outcomes 
[4]. Under normal activity of mitochondria, cellular oxygen is used 
mostly for mitochondrial reduction-oxidation processes, reducing 
the likelihood of high mitochondrial ROS production and increasing 
the expression of endogenous antioxidative enzymes like MnSOD 
[18]. Otherwise, mitochondria become dysfunctional with the 

Figure 3: The actions of SONL on mitochondrial MnSOD level following cerebral I/R injury in each group (n=6).
***p<0.001 compared with Sham group; ###p<0.001 compared with I/R group; $p<0.05 compared with I/R+SONL50 group. I/R:ischemia/reperfusion; SONL: 
sonlicromanol; 5HD: 5-hydroxydecanoate.

Figure 4: The actions of SONL on the expression of proteins regulating mitochondrial biogenesis following cerebral I/R injury in each group. (A)Protein expression (B)
PGC-1α (C)NRF1 (D)TFAM (n=4).
***p<0.001 compared with Sham group; ##p<0.01, ###p<0.001 compared with I/R group; $p<0.05 compared with I/R+SONL50 group. I/R:ischemia/reperfusion; SONL: 
sonlicromanol; 5HD: 5-hydroxydecanoate.
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sudden onset of reperfusion, and now they act as the main producer 
of ROS and free radicals in the cells [4]. Following amplification 
of mitochondrial oxidative stress and disruption of mitochondrial 
function, the production of pro-inflammatory cytokines is also 
accelerated [19]. The result of this situation is the exacerbation of brain 
I/R damages. In the present study, administration of SONL limited 
the production of pro-inflammatory TNF-α and other interleukins 
and suppressed mitochondrial oxidative stress (as assessed by the 
changes of mitochondrial ROS and MnSOD). These effects of the 
drug as well as its inhibitory effect against mitochondrial membrane 
depolarization indicate that this drug is able to modify mitochondrial 
internal homeostasis to a high degree in I/R conditions. Similarly, it 
has been reported that SONL has beneficial impacts in patients with 
mitochondrial diseases including mitochondrial encephalomyopathy, 
neuropathy, and Leigh syndrome [11,20,21]. It also interacts with 
peroxiredoxins, increasing their peroxidase activity and reducing 
ROS-induced cell death [22]. The active metabolite of this drug also 
reduced I/R-induced cardiac damages and prevented inflammatory 
responses by inhibiting the production of PGE2 [16]. All of these 
findings, together with our results, suggest that it suggested that the 
mitochondrial-directed pathway is an important target for this drug 
and it is a good candidate for reducing cerebral I/RI.

Mitochondrial dysfunction and subsequent inflammatory and 
oxidative responses are associated with alterations in mitochondrial 
biogenesis [19]. Accumulating evidence shows that promoting 
mitochondrial biogenesis contributes to neuroprotection [6,11]. 
In the present study, we found that SONL was capable of inducing 
mitochondrial biogenesis, thereby providing adequate neuroprotection 
against cerebral I/RI. Here, expressions of TFAM, NRF1, and PGC-1α 
were increased following SONL treatment in the I/R brain. PGC-1α 
is the initiating factor of mitochondrial biogenesis that induces the 
expression of TFAM in collaboration with NRF1, as its transcriptional 
partner [5,6,23]. The interplay between NRF1 and TFAM induces 
the transcription of mtDNA and stimulates mitochondrial oxidative/
phosphorylation [24]. Although these findings imply that SONL 
neuroprotective effects may be achieved through stimulating the 
entire mitochondrial biogenesis program, the correlation between 
SONL-induced neuroprotection and PGC-1α-activated mitochondrial 
recovery requires further study.

To further explore the role of SONL in controlling mitochondrial 

activity and biogenesis as well as inflammatory responses under 
cerebral I/R condition, mK-ATP channels were blocked using 5HD 
to examine the involvement of these channels in the neuroprotective 
effect of the drug. Blocking of mK-ATP channels not only abolished 
the neuroprotective effects of SONL but also reversed its anti-
inflammatory and mitochondrial actions. These findings highlight that 
mK-ATP channels opening at the beginning of reperfusion mediates 
the beneficial effects of SONL in cerebral I/RI. In agreement with our 
results, it has been documented that mK-ATP channels are critically 
involved in the regulation of PGC-1α to influence mitochondrial 
homeostasis [7,8]. The density of these channels in the brain is greater 
than other organs [7] and this strongly emphasizes the importance 
of these mitochondrial channels in SONL actions on mitochondrial 
biogenesis and homeostasis (preventing mitochondrial swelling and 
membrane potential collapse) as well as anti-inflammation. These 
channels are considered as one of the main arms of mitochondria in 
their role as the end effector of neuroprotection [25] and thereby this 
main cellular component mediates the protective influences of SONL in 
reducing cerebral I/R outcomes. Therefore, the neuroprotective effect 
of SONL in cerebral I/RI was achieved through modulation of the mK-
ATP/mitochondrial biogenesis/inflammatory pathway. However, the 
contribution of other important mediators including PKG/cGMP and 
PI3K/AKT pathways in this effect requires further experimentation.

Conclusion
SONL, as a new mitochondrial-acting drug, displayed strong 

neuroprotection in cerebral I/RI through anti-inflammatory, anti-
oxidative, and mitochondrial activity improving effects. Increased 
activity of mK-ATP channels markedly mediated the beneficial actions 
of SONL. This study highlighted that this drug can be one of the 
most promising pharmacological approaches to target mitochondrial 
dysfunction in I/R conditions.
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Figure 5: The actions of SONL on the production of proinflammatory cytokines following cerebral I/R injury in each group. (A)TNF-α (B)IL-6 (C)IL-1β (n=6).
***p<0.001 compared with Sham group; #p<0.05, ###p<0.001 compared with I/R group; $p<0.05, $$$p<0.001 compared with I/R+SONL50 group. I/R:ischemia/reperfusion; 
SONL: sonlicromanol; 5HD: 5-hydroxydecanoate.
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