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Abstract 

Objective: Carbon monoxide (CO) releasing molecule (CORM)-3, a water-soluble CORM, has 

protective effects against inflammatory and ischemia/reperfusion injury. We determined the effect of 

CORM-3 against neuronal pyroptosis in a model of hemorrhagic shock and resuscitation (HSR) in rats 

via mitochondrial regulation. 

Methods: Rats were treated with CORM-3 (4 mg/kg) in vitro after HSR. We measured cortical CO 

content 3–24 h after HSR; assessed neuronal pyroptosis, mitochondrial morphology, ROS production, 

and mitochondrial membrane potential at 12 h after HSR; and evaluated brain magnetic resonance 

imaging at 24 h after HSR and learning ability 30 days after HSR. We also measured soluble 

guanylate-cyclase (sGC)-cyclic guanosine monophosphate (cGMP) signaling pathway activity using a 

blocker of sGC, NS2028, and 125I-cGMP assay. 

Results: Among rats that underwent HSR, CORM-3-treated rats had more CO in the cortical tissue 

than sham- and iCORM-3-treated rats. CORM-3-treated rats had significantly less neuronal pyroptosis 

in the cortical tissue; higher sGC activity and cGMP content; lower ROS production; better 

mitochondrial morphology, function, and membrane potential; and enhanced learning/memory ability 

than HSR-treated rats. However, these neuroprotective effects of CORM-3 were partially inhibited by 

NS2028. 

Conclusion: CORM-3 may alleviate neuronal pyroptosis and improve neurological recovery in HSR 

through mitochondrial regulation mediated by the sGC–cGMP pathway. Thus, CO administration could 

be a promising therapeutic strategy for hemorrhagic shock. 

 

Introduction 

Severe hemorrhage among patients with trauma and those without trauma commonly induces 

incomplete brain perfusion and further causes neurological sequelae, most notably altered memory, 

mentation, seizures, and ischemic stroke[1, 2]. Although timely resuscitation is vital for treating 

hemorrhagic shock, systematic inflammatory response induced by this ischemia/reperfusion injury 

could cause further neuronal death, including pyroptosis[3, 4]. In recent years, pyroptosis has been 

shown to contribute to the development of ischemia/reperfusion injury[5, 6], and pyroptosis inhibition 

could improve long-term neurological function after cerebral ischemia/reperfusion injury[7]. 

A low of carbon monoxide (CO), which is an endogenous product of heme degradation by heme 
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oxygenase, confers increased resistance to inflammation triggered by lipopolysaccharide, 

ischemia/reperfusion injury, and other factors[8-10]. The application of CO-releasing molecule 

(CORM)-3 has emerged as an excellent alternative to CO administration[11]. Growing evidence has 

supported a role for mitochondrial regulation in CO-mediated neuroprotection against death and 

inflammation[12]. Recently, a study suggested that stimulation of the soluble guanylate-cyclase 

(sGC)-cyclic guanosine monophosphate (cGMP) signaling pathway attenuated 

ischemia/reperfusion-induced lung injury and suppressed ROS release[13]. Recent evidence also 

showed that improvement of mitochondrial dynamics can be protective against 

ischemia/hypoxia-induced elevation of ROS, mitoDNA, and calcium overload, which could further 

lead to pyroptosis[14, 15]. 

Whether CORM-3-mediated neuroprotective effects occur through the improvement of 

mitochondrial dynamics-induced pyroptosis is unclear. This study aimed to investigate whether 

CORM-3 attenuates hemorrhagic shock and resuscitation (HSR)-induced cerebral pyroptosis in a 

model of blood loss and re-infusion via mitochondrial regulation mediated by the sGC–cGMP pathway. 

 

Key words: Carbon monoxide; neuroprotection; pyroptosis; soluble guanylate-cyclase; cyclic 

guanosine monophosphate 

Abbreviations: CORM : Carbon monoxide releasing molecule; sGC: soluble guanylate-cyclase; 

cGMP: cyclic guanosine monophosphate; ROS: reactive oxygen species; HSR: hemorrhage shock and 

resuscitation; MMP : mitochondrial membrane potential
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Results 

Evoked potentials 

Following three positive deflections generated from subcortical origin, a positive–negative–positive 

waveform (P8, N10.3, and P14.6) resembling the first primary cortical waves could be detected. N10.3 

could be clearly detected in all animals and could easily be constantly affected by cortical ischemia. 

Thus, we opted to limit the investigation of potential to N10.3, as in a previous study[16] (Fig. 1A). 

There was a long-lasting difference between the Sham and HSR groups in somatosensory evoked 

potentials from 18.7 ± 3.5 min after HSR. The rats exposed to hemorrhagic shock exhibited a decrease 

of cortical function to approximately 30% of that at baseline at 15 min after bleeding and to 80% of 

that at baseline at 30 min after bleeding (vs. baseline, P < 0.05; Fig. 1B). These somatosensory evoked 

potentials were increased once resuscitation started (vs. 30 min after shock, P < 0.05; Fig. 1B) but did 

not reach baseline even if resuscitation ended (vs. baseline, P < 0.05; Fig. 1B). 

 

HSR induced the peak of neuronal pyroptosis 12 h after resuscitation 

At 6, 12, and 24 h after HSR, results of immunofluorescence assays revealed that neuronal pyroptosis 

in the cortical tissue was significantly increased after HSR compared with that in the Sham group (vs. 

Sham, P < 0.05; Fig. 2B). Compared with 6 h after HSR, increases in neuronal pyroptosis were 

markedly shown at 12 h (vs. 6 h after HSR, P < 0.05; Fig. 2B). However, a decrease was revealed at 24 

h after HSR compared with that at 12 h (vs. 12 h after HSR, P < 0.05; Fig. 2B). 

 

CORM-3 inhibited neuronal pyroptosis after HSR via CO upregulation 

  When a blood loss and re-infusion model was established in rats, a water-soluble exogenous CO 

donor, CORM-3, was applied to rats after resuscitation via a single intravenous injection; inactive 

CORM-3 (iCORM-3), which does not release CO, was used as a negative control. CO content was 

increased within 6 h after HSR compared with that in the Sham group (vs. Sham, P < 0.05; Fig. 3B). 

Figure 2B also shows that CO content in the HSR/CORM-3 group declined after 6 h (vs. HSR, P < 

0.05; Fig. 3B). CORM-3 administration could further elevate the total cortical CO level 3–24 h after 

HSR compared with that after HSR alone and after HSR/iCORM-3 (vs. HSR, P < 0.05; vs. 

HSR/iCORM-3, P < 0.05; Fig. 3B). CORM-3 treatment induced the peak of CO concentration at 6 h 
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after HSR exposure (vs. 3h, 12 h and 24 h after HSR/CORM-3, P < 0.05; Fig. 3B). In addition, there 

were no significant differences between the HSR and HSR/iCORM-3 groups. 

Immunofluorescence double staining of cleaved caspase-1 and neuronal nuclei (NeuN) showed that 

iCORM-3 co-administration at 12 h after HSR in the HSR/iCORM-3/Vehicle group failed to reduce the 

number of cleaved caspase-1-positive neurons in the cortical tissue (vs. Sham/iCORM-3/Vehicle, P < 

0.05; Fig. 4B), whereas CORM-3 reduced pyroptosis after HSR alone in the HSR/CORM-3/Vehicle 

group (vs. HSR/iCORM-3/Vehicle, P < 0.05; Fig. 4B). Compared with the Sham/iCORM-3/Vehicle 

group, neuronal pyroptosis remained elevated in the HSR/CORM-3/Vehicle group (vs. 

Sham/iCORM-3/Vehicle, P < 0.05; Fig. 4B). Pyroptosis depends on caspase-1 activation, leading to 

IL-1β and IL-18 stimulation, cytomembrane pore formation, and subsequently the release of 

inflammatory mediators and cellular contents[17]. IL-1β and IL-18 expression was also measured at 12 

h after HSR. HSR exposure plus iCORM-3 co-administration caused significant increases in IL-1β and 

IL-18 expression compared with that in the Sham/iCORM-3/Vehicle group (vs. 

Sham/iCORM-3/Vehicle, P < 0.05; Fig. 4D, 4E). Compared with HSR/CORM-3/Vehicle, CORM-3 

co-administration after HSR downregulated IL-1β and IL-18 expression in the cortical tissue (vs. 

HSR/CORM-3/Vehicle, P < 0.05; Fig. 4D, 4E). 

 

NS2028 inhibited the protective effect of CORM-3 

sGC enzyme activity and cGMP content were further examined. As shown in Figure 4F, at 12 h after 

HSR plus iCORM-3 treatment, the basal sGC enzyme activity in the cortical tissue was significantly 

lower after HSR than in the Sham group (vs. Sham/iCORM-3/Vehicle, P < 0.05; Figure 4F). Consistent 

with decreased sGC activity after HSR plus iCORM-3 treatment, cGMP content in the cortical tissue of 

rats was significantly decreased after HSR compared with that in the Sham group (vs. 

Sham/iCORM-3/Vehicle, P < 0.05; Figure 4G). CORM-3 partially restored the sGC activity and cGMP 

content in rats exposed to HSR (vs. HSR/iCORM-3/Vehicle, P < 0.05; Figure 4F, 4G).  

To explore the potential role of sGC in CORM-3’s effect against pyroptosis, NS2028, an inhibitor of 

sGC, was applied to rats before bleeding. NS2028 pre-treatment induced the decreases in the sGC 

enzyme activity and cGMP content in Sham/iCORM-3/NS2028 (vs. Sham/iCORM-3/Vehicle, P < 0.05; 

Fig. 4F, 4G) and in Sham/CORM-3/NS2028 (vs. Sham/CORM-3/Vehicle, P < 0.05; Fig. 4F, 4G). 

Moreover, NS2028 pre-treatment inhibited the decreases in neuronal pyroptosis and IL-1β/IL-18 
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expression as well as the increases in the sGC enzyme activity and cGMP content when rats were 

exposed to HSR+CORM-3 (vs. HSR/CORM-3/Vehicle, P < 0.05; Fig. 4B, 4D–G). There was no 

significant difference of neuronal pyroptosis and IL-1β/IL-18 expression between the 

Sham/iCORM-3/NS2028 and Sham/iCORM-3/Vehicle groups, as well as Sham/CORM-3/NS2028 and 

Sham/CORM-3/Vehicle groups. Neuronal pyroptosis and IL-1β and IL-18 expression were further 

increased in the model of NS2028 pre-treatment before HSR plus iCORM-3 compared with those for 

HSR alone (vs. HSR/iCORM-3/Vehicle; P < 0.05; Fig. 4B, 4D, 4E). Moreover, the sGC enzyme 

activity and cGMP content were significant lower after HSR/iCORM-3/NS2028 treatment than after 

HSR alone (vs. HSR/iCORM-3/Vehicle; P < 0.05; Fig. 4F, 4G). 

 

CORM-3 treatment improved mitochondrial injury afte r HSR 

To determine the morphology of mitochondria from the cortical tissue, at 12 h after HSR, an electron 

microscopic study was performed. Results revealed that iCORM-3 did not prevent dysmorphic 

mitochondria characterized by (a) degenerative changes, for example, matrix vacuolation, 

disarrangement of cristae, swelling, and partial cristolysis and (b) necrosis, characterized by complete 

cristolysis or ghost cells. The prevalence of dysmorphic mitochondria, as well as swelling plus ghost 

mitochondria, in the cortical tissue of HSR/CORM-3/Vehicle-treated rats was significantly lower than 

that in HSR/iCORM-3/Vehicle-treated rats (vs. HSR/iCORM-3/Vehicle; P < 0.05; Fig. 5B, 5C). 

However, NS2028 pre-treatment before HSR plus CORM-3 treatment upregulated the prevalence of 

dysmorphic mitochondria and swelling plus ghost mitochondria compared with that after HSR plus 

CORM-3 treatment (vs. HSR/CORM-3/Vehicle; P < 0.05; Fig. 5B, 5C). In addition, NS2028 further 

worsened mitochondrial morphology in HSR/iCORM-3/NS2028-treated rats compared with that in 

HSR/iCORM-3/Vehicle-treated rats (vs. HSR/iCORM-3/Vehicle; P < 0.05; Fig. 5B, 5C). There was no 

significant difference in mitochondrial morphology between the Sham/iCORM-3/NS2028 and 

Sham/iCORM-3/Vehicle groups, as well as Sham/CORM-3/NS2028 and Sham/CORM-3/Vehicle 

groups. 

Mitochondrial membrane potential, indicated by JC-1 fluorescence, was used to reveal 

mitochondrial depolarization after hemorrhagic shock. ROS-mediated mitochondrial damage after 

reperfusion could release damage-associated molecular pattern molecules, which can initiate the 
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progress of pyroptosis. At 12 h after HSR plus iCORM-3 treatment, those exposure caused a significant 

decrease in the mitochondrial membrane potential of the cortical tissue as well as an increase in 

mitochondrial ROS compared with those in the Sham plus iCORM-3 group (HSR/iCORM-3/Vehicle vs. 

Sham/iCORM-3/Vehicle, P < 0.05; Fig. 5D, 5E). In HSR/CORM-3/Vehicle group, CORM-3 

administration after HSR upregulated mitochondrial membrane potential and downregulated 

mitochondrial ROS production (vs. HSR/iCORM-3/Vehicle, P < 0.05; Fig. 5D, 5E), whereas NS2028 

pre-treatment before HSR partially inhibited these improvements in mitochondrial membrane potential 

and ROS (vs. HSR/CORM-3/Vehicle; P < 0.05; Fig. 5D, 5E). NS2028 pre-treatment before HSR also 

further worsened mitochondrial membrane potential and mitochondrial ROS production in the 

HSR/iCORM-3/NS2028 group compared with those in the HSR/iCORM-3/Vehicle group (vs. 

HSR/iCORM-3/Vehicle, P < 0.05; Fig. 5D, 5E). There were no marked changes between the 

Sham/iCORM-3/NS2028 and Sham/iCORM-3/Vehicle groups, as well as Sham/CORM-3/NS2028 and 

Sham/CORM-3/Vehicle groups. 

 

CORM-3 treatment after HSR improved cortical changes revealed by T2-weighted MRI 

T2-weighted images revealed there was no significant differences between the sham groups (Fig. 6B). 

At 24 h after HSR, a significant increase of the ratio of standardized signal intensity (SSI) before/after 

shock on regions of cerebral cortex was shown in the HSR groups compared with their sham 

counterparts (Fig. 6B). In HSR/CORM-3/Vehicle group, CORM-3 administration after HSR 

downregulated the hyperintensity lesions indicated by ratio of SSI (vs. HSR/iCORM-3/Vehicle, P < 

0.05; Fig. 6B), whereas NS2028 pre-treatment before HSR partially inhibit these improvements in 

hyperintensity lesions (vs. HSR/CORM-3/Vehicle; P < 0.05; Fig. 6B). NS2028 pre-treatment before 

HSR also further increased the ratio of SSI in the HSR/iCORM-3/NS2028 group compared with those 

in the HSR/iCORM-3/Vehicle group (vs. HSR/iCORM-3/Vehicle, P < 0.05; Fig. 6B). There were no 

significant changes between the Sham/iCORM-3/NS2028 and Sham/iCORM-3/Vehicle groups, as well 

as Sham/CORM-3/NS2028 and Sham/CORM-3/Vehicle groups. 

 

CORM-3 treatment after HSR improved learning ability 

We examined whether learning ability was involved in incomplete ischemia/reperfusion induced by 

hemorrhagic shock. When tested 30 days after exposure, HSR plus iCORM-3-treated rats located the 
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submerged platform with significantly slower latencies than Sham plus iCORM-3-treated rats (vs. 

Sham/iCORM-3/Vehicle, P < 0.05; Fig. 7C–E). There was no difference in latency between the 

Sham/iCORM-3/Vehicle and Sham/CORM-3/Vehicle groups. CORM-3 administration after HSR 

resulted in a significantly faster latency to locate the submerged platform than that of HSR plus 

iCORM-3-treated rats (HSR/CORM-3/Vehicle vs. HSR/iCORM-3/Vehicle, P < 0.05; Fig. 7C–E). A 

slower latency to locate the submerged platform was noted in HSR/CORM-3/NS2028-treated rats than 

that in HSR/CORM-3/Vehicle-treated rats (vs. HSR/CORM-3/Vehicle, P < 0.05; Fig. 7C–E). There was 

no difference in latency between the HSR/iCORM-3/NS2028 and HSR/CORM-3/NS2028 groups. 

The time and distance spent in the targeted quadrant in rats exposed to HSR plus iCORM-3 exposure 

were severely reduced compared with those in the Sham/iCORM-3/Vehicle group (vs. 

Sham/iCORM-3/Vehicle, P < 0.05; Fig. 7F, 7G). Figure 7 also reveals that HSR/CORM-3/Vehicle 

treatment markedly increased the time and distance compared with HSR/iCORM-3/Vehicle (vs. 

HSR/iCORM-3/Vehicle, P < 0.05; Fig. 7F, 7G). NS2028 pre-treatment before HSR inhibited the 

improvement of CORM-3 against HSR-induced decreases of time and distance (vs. 

HSR/CORM-3/Vehicle, P < 0.05; Fig. 7F, 7G). In addition, NS2028 pre-treatment before HSR in the 

HSR/iCORM-3/NS2028 group further downregulated the time and distance in the targeted quadrant 

compared with those in the HSR/iCORM-3/Vehicle group (vs. HSR/iCORM-3/Vehicle, P < 0.05; Fig. 

7F, 7G). Additionally, there were no prominent differences of time and distance between the 

Sham/iCORM-3/NS2028 and Sham/iCORM-3/Vehicle groups, as well as Sham/CORM-3/NS2028 and 

Sham/CORM-3/Vehicle groups. 

 

Discussion 

In the present study, HSR using a model of blood loss and re-infusion decreased somatosensory evoked 

potentials; caused degeneration of learning ability and attenuation of the sGC activity and cGMP 

content; increased cortical injury (indicated by pyroptosis), T2-weighted MRI, and ROS level; and 

induced ultrastructural changes in the mitochondria. CORM-3 administration after resuscitation 

provided neuroprotection for HSR, whereas this neuroprotective effect could be inhibited by a blocker 

of sGC (NS2028). 

Long-term hypotension and hypovolemia induced by hemorrhagic shock lead to hypoperfusion, 
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subsequently resulting in incomplete ischemic injury[18]. In our previous study, we reported that 

incomplete cerebral ischemia/reperfusion in a model of HSR-induced severe neuronal injury in the 

hippocampus[19]. Here, the obtained results reveal that HSR not only significantly decreased 

somatosensory evoked potentials sensitive to cortical hypoxia but also increased cortical hyperintensity, 

as indicated by T2-weighted MRI, which supported the findings of previous studies[20]. Increasing 

evidence suggests that ischemia causes neuronal damage in the cortical tissue and leads to learning 

ability impairments[21, 22]. Decreased learning ability was associated with a reduction of perfusion 

induced by hemorrhagic shock. 

The major pathogenic mechanisms of cerebral ischemia/reperfusion injury include excitotoxicity, 

peri-infarct depolarizations at the early stage, inflammation at the middle stage, and programmed cell 

death at the end stage[23]. Incomplete cerebral ischemia/reperfusion induces significant neuronal injury, 

including necrosis and apoptosis[24, 25]. Pyroptosis, unlike apoptosis or necrosis, is a novel form of 

programmed cell death. The initiation of pyroptosis depends on caspase enzyme-1 (caspase-1) and is 

accompanied by the release of large amounts of IL-1β and IL-18. There is increasing evidence that 

post-ischemic inflammation, involving IL-1β and IL-18, contributes to ischemic brain injury[23]. 

Cellular edema, which presents as high-signal lesions on T2-weighted imaging, involves oncotic 

swelling of the neuronal cells due to a shift of ions (mainly Na+) and water molecules from a pore in 

the plasma membrane to intracellular as a consequence of ischemic energy depletion. IL-1β and IL-18 

play vital roles in forming this pore. The expression of cleaved caspase-1 combined with IL-1β and 

IL-18 is generally used to assess the pyroptosis level. Shu et al. reported that transient global cerebral 

ischemic/reperfusion in vivo and oxygen/glucose deprivation in vitro induce neuronal pyroptosis 

mediated by the caspase-1/IL-18, IL-1β pathway[24, 26]. The present study revealed increased 

neuronal pyroptosis in a model of blood loss and re-infusion, and cortical hyperintensity was also 

increased, as revealed by T2-weighted imaging. Moreover, our study also demonstrated that at 12 h 

after HSR, neuronal pyroptosis peaks, characterized by caspase-1 activation and release of 

inflammatory factors, which is in accordance with inflammatory death in the middle stage after 

ischemia[23]. 

CORM-3 suppressed inflammasome signaling and the occurrence of pyroptosis, which consequently 

alleviated neuronal death and improved motor functional recovery following spinal cord injury[27]. In 

the current study, it was revealed that CORM-3 treatment induced the peak of CO concentration at 6 h 
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after HSR exposure. Although there was not a significant peak at 6 h in the HSR and HSR+iCORM-3 

group, a growing trend within after HSR could be found. Inoue et.al reported that hemorrhage shock 

induced a peak of heme oxygenase-1 (HO-1) at 6 h after resuscitation[28]. It might be associated with 

the increases of CO generated from heme via HO-1[29]. CORM-3 reduced neuronal pyroptosis and 

production of relevant inflammatory factors, including IL-18 and IL-1β. Interestingly, CORM-3 

partially restored the sGC activity and cGMP content in rats exposed to HSR. To further confirm the 

exact mechanism involved, NS2028, an sGC inhibitor, was administered via femoral vein injection 

after resuscitation. Our results revealed that NS2028 partially inhibited the neuroprotection of 

CORM-3 against HSR injury. sGC activation and increases in the cGMP content via CO would be 

responsible for decreases in ROS production and improvement of mitochondrial integrity[12]. 

CORM-3 after resuscitation decreased ROS production, which may be dependent on the sGC–cGMP 

signaling pathway. Decreased mPTP opening and increased mitoKATP opening could be induced via 

the activation of the sGC–cGMP signaling pathway[30, 31]. Misawa et al. also reported that the spatial 

arrangement of the mitochondria may promote the activation of caspase-1-associated pyroptosis[32]. 

The pyroptosis may also respond to mitochondrial stress, such as ROS[33]. CO controls mitochondrial 

integrity via the regulation of mitochondrial biogenesis and mitophagy[34]. Therefore, the protective 

effect of CO against mitochondrial stress might provide a potential interpretation of pyroptosis 

signaling by CORM-3. 

The limitations of this study include the fact that the study was focused on effects of HSR alone. The 

models of HSR with tissue injury, such as traumatic brain injury plus HSR, should be further studied. 

Moreover, present data only showed that sGC plays a vital role in CO-induced neuroprotection, but 

whether CO improves these injuries induced by HSR via sGC–cGMP–PKG or other signaling 

pathways, such as nNOS[35], remains unclear. In addition, the present study did not focus on whether 

pyroptosis depended on the GSDMD and caspase-11 signaling pathways[36]. Further studies on 

models and feasible signaling pathways should be performed. 

In conclusion, this study showed that neuroprotective effects of CORM-3 against neuronal 

pyroptosis after HSR injury might be associated with the sGC–cGMP signaling pathway. 

 

Methods 

All animal experiments were performed in accordance with the National Institutes of Health Guidelines 
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for the Care and Use of Laboratory Animals. Formal approval to conduct the experiments was obtained 

from the Animal Review Board of Cangzhou Central Hospital. 

 

Group assignment 

Rats were randomly assigned (computer-based randomization) to one of the following eight groups: (1) 

Sham/iCORM-3/Vehicle group, catheters to the left femoral artery and vein were inserted using an 

indwelling needle (22 G) as surgical preparation, 76 min later, iCORM-3 (4 mg/kg, intravenous, 

S744801; Selleck, USA) was injected accordance with our prior experiments and previous study[37]; 

(2) Sham/iCORM-3/NS2028 group, rats were treated with surgical preparation, NS2028 (10 mg/kg, 

intravenous) was injected accordance with our prior experiments, and 75 min later, iCORM-3 (4 mg/kg, 

intravenous) was injected; (3) Sham/CORM-3/Vehicle group, rats were treated with surgical 

preparation, and 76 min later, CORM-3 (4 mg/kg, intravenous, S744801; Selleck, USA) was injected; 

(4) Sham/CORM-3/NS2028 group, rats were treated with surgical preparation, NS2028 (10 mg/kg, 

intravenous) was injected, and 75 min later, CORM-3 (4 mg/kg, intravenous) was injected; (5) 

HSR/iCORM-3/Vehicle group, rats were treated with surgical preparation, hemorrhagic shock was 

induced by blood loss for 45 min, resuscitation was performed with blood re-infusion for 15 min, and 

iCORM-3 (4 mg/kg, intravenous) was then injected; (6) HSR/iCORM-3/NS2028 group, rats were 

treated with surgical preparation, NS2028 (10 mg/kg, intravenous) was injected before HSR, iCORM-3 

(4 mg/kg, intravenous) was then injected after resuscitation; (7) HSR/CORM-3/Vehicle group, rats 

were treated with surgical preparation, CORM-3 (4 mg/kg, intravenous) was then injected after HSR; 

(8) HSR/CORM-3/NS2028 group, rats were treated with surgical preparation, NS2028 (10 mg/kg, 

intravenous) was injected before HSR, CORM-3 (4 mg/kg, intravenous) was then injected after 

resuscitation. The inactive compound iCORM-3 was prepared by dissolving CORM-3 in PBS and 

incubating for 24 h under air and light exposure. After 24 h, the solution was bubbled with nitrogen to 

remove residual CO. NS2028 was prepared as described above immediately before use. 

 

HSR protocol 

Sprague–Dawley male rats weighing 350–400 g were used to establish the HSR model. Rats were 

housed in individual shoebox cages with bedding. The room temperature was maintained at 25°C ± 

1°C with alternating 12-h light/12-h dark cycles. Rats were allowed free access to water and a chow 
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diet until the start of the experiments. As in our previous study[19], rats were cannulated with a 

heparinized polyethylene tube via the left femoral artery for blood pressure measurement and via the 

left femoral vein for hemorrhage shock induction after anesthesia with sevoflurane (7%–8% for 

induction, and 3%–4% for maintenance). After tracheal intubation, rats were mechanically ventilated 

via a volume-controlled ventilator (ALC-V; Shanghai Alcott Biological Technology Inc., Shanghai, 

China) with a tidal volume of 4 ml/100 g, initial respiratory frequency of 70 bpm, and FiO2 of 40%. 

Respiratory frequency was adjusted to an end-tidal carbon dioxide [ETCO2] (PMSH-300; SunLife 

Science Inc., Shanghai, China) pressure between 35 and 40 mmHg. Hemorrhagic shock was initiated 

by bleeding into a heparinized syringe (10 U/mL) to maintain a mean arterial pressure of 30 ± 5 mmHg 

for 60 min. Resuscitation was performed by returning all shed blood and, if necessary, administering 

sterile saline to the baseline level. Body temperature was maintained within 35°C–38°C by an electric 

heating pad. 

 

Evoked potentials 

The median nerves were percutaneously stimulated (DS2; Digitimer, Welwyn Garden City, UK) at the 

ankle (10 Hz, twice supramaximally), with recording electrodes on the skull (−2 mm from the bregma, 

2.5 mm from the midline) and reference electrodes on the nearby inactive tissue. The ground electrode 

was inserted under the lumbar skin. Potentials were stimulated by a Dantec Type 15E07 constant 

current stimulator and recorded with a Dantec 15C01 EMG amplifier. Amplified waveforms were 

further analyzed by Dasy Lab 3.00 (Datalog GmbH, Mönchengladbach, Germany). 

 

Carbon monoxide content detection 

The CO content in the cortical tissue was detected using an endogenous carbon monoxide assay kit 

(Nanjing Jiancheng Bioengineering Institute, Nanjing, China), as previously described (n = 6 per 

group)[27]. Specific steps were conducted in accordance with the manufacturer’s instructions. Briefly, 

cortical tissue samples were removed at 3, 6, 12, and 24 h after HSR. After homogenizing in PBS, the 

sample (0.5 mL) was added into Hb solution (1 mL). Following vortexing and quiescence, mixtures 

were measured at 541 nm (as absorbance) and 555 nm (as a reference). Ratio of the 541-nm- to 555-nm 

readings was recorded and used to calculate the CO content of samples. 
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sGC activity assay 

For quantitative sGC activity assays, a mixture including 200 mg of cortical tissue and 1.8 mL of 

enzyme extract buffer [5 mM Tris-HCl (pH 8.0), 1 mM EDTA, 2 mM phenylmethylsulfonyl fluoride, 

and 0.25 mM sucrose] was homogenized (n = 6 per group). Following centrifugation for 10 min 

(1,000×g, 4°C), the supernatant was further centrifuged for 1 h (105,000×g, 4°C), and protein content 

of the supernatant was measured using a BCA protein assay (Beyotime, Wuhan, China). Ten 

microliters of sample was incubated with 90 µL of reaction buffer [50 mM Tris-HCl (pH 7.5), 4 mM 

MnCl2, 0.5 mM 3-isobutyl-1-methyxanthine (IBMX), 15 mM creatine phosphate, 240 U/L creatine 

phosphokinase, 1 mM GTP, and 1 mM sodium nitroprusside]. After terminating the reaction with 0.2 

mM sodium acetic acid, cGMP production was detected using a 125I-cGMP kit (Shanghai Ruiqi Biotech, 

Shanghai, China), in accordance with the manufacturer’s instructions. The sGC enzyme activity was 

expressed as picomoles of cGMP synthesized per min per mg of cortical tissue protein (pmol 

cGMP/mg protein/min). 

 

Measurement of the basal cGMP content 

Fifty milligrams of the cortical tissue mixed with 1 mL of buffer containing 50 mM sodium acetic acid, 

4 mM EDTA, and 10 mM 3-isobutyl-1-methyxanthine at 4°C was extracted with dehydrated ethanol (n 

= 6 per group). After centrifuging for 15 min at 3,500×g, the supernatant was taken and dried at 60°C, 

and cGMP production was detected using a 125I-cGMP kit as described above. 

 

Mitochondrial extraction and electron microscopy studies 

At 6 h after HSR, mitochondria from the cortical tissues were extracted as per a previous study (n = 6 

per group)[38]. Briefly, homogenates of the hippocampal tissues were centrifuged twice at 1,000×g and 

4°C for 5 min, and supernatant was then centrifuged at 15,000×g and 4°C for 2 min. The supernatant 

was removed with careful elimination of all fat and fluffy layers on the top of the pellet containing 

mitochondria. To eliminate harmful enzymes, nucleases, phospholipases, and proteases, pellets from 

two tubes were combined, resuspended in 1.5 mL of ice-cold buffer, and centrifuged at 15,000×g and 

4°C for 2 min. The final pellet was resuspended in ice-cold final equilibrated buffer (250 mM sucrose, 

5 mM KH2PO4, 10 mM Tris-HCl, 2 mg/mL BSA, pH 7.2). These pellets were fixed in 2.5% 

glutaraldehyde in 0.1 M sucrose phosphate buffer (SPB) for 1 h. After washing with 0.1 M SPB, 
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mitochondrial extractions were fixed with 1% osmium tetroxide in 0.1 M SPB for 1 h. Following 

washing with 0.1 M SPB, pellets were dehydrated in graded ethanol, infiltrated with LR white resin 

(Sigma-Aldrich, Poole, UK), embedded in capsule beams, and finally polymerized at 65°C for 48 h. 

After cutting into serial ultrathin slices (50 nm) with an ultramicrotome, slices were stained with 4% 

uranyl acetate-lead citrate, and the ultrastructure of the mitochondrial pellets was observed under a 

transmission electron microscope (JEM-2000EX; JEOL, Tokyo, Japan). Dysmorphic mitochondria 

were examined, counted, and calculated in terms of percentage/field at 3000× magnification, including 

swelling plus ghost as well as normal mitochondria, as mentioned in a previous study[39]. 

 

Assessment of mitochondrial ROS 

For the quantitative measurement of intracellular ROS, the fluorometric method was used (n = 6 per 

group). In brief, at 12 h after HSR, the cortical tissues (1 mg/0.1 ml) were mixed with ROS assay 

medium (2.9 mL) in one reaction system, and in the other reaction system, 3 µL of 5 mmol/L 

2′,7′-dichlorofluorescin diacetate (DCFH-DA) was added to 3.3 mmol/L succinic acid as a substrate 

without mitochondria. The above two reaction systems were incubated at 37°C for 15 min. The 

fluorescence intensity of the substrate without mitochondria (F1) and that of the sample with cortical 

tissues (F) were measured. The ROS production rate was calculated by subtracting F1 from F[40]. 

 

Mitochondrial membrane potential assay 

For quantitative measurement of mitochondrial membrane potential (MMP), JC-1, a 

mitochondrion-selective dye, was used to determine each sample from the above seven groups, as in 

our previous study (n = 6 per group)[19]. At 12 h after HSR, the mitochondria isolated from the 

cortical tissues were stained with JC-1 (5 µg/ml; Beyotime Institute of Biotechnology, Beijing, 

China) for 30 min at 37°C in the dark. After rinsing twice with assay buffer, fluorescent intensity 

was analyzed on a spectrofluorometer (Paradigm; Molecular Devices, Sunnyvale, CA, USA), as 

described previously, to detect green fluorescence at excitation/emission wavelengths of 485/530 nm 

and red fluorescence at excitation/emission wavelengths of 550/595 nm. The ratio of red/green 

fluorescence intensity was determined for each sample as a measure of MMP. 

 

Cleaved caspase-1/NeuN/DAPI immunofluorescence 
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Cortical tissues were fixed in 10% neutral-buffered formalin under anesthesia with sevoflurane, 

embedded in paraffin, and sectioned at 10-µm thickness (n = 6 per group). Immunofluorescence 

staining was performed to determine the percentage of neuronal pyroptosis. Briefly, paraffin sections 

were dewaxed and hydrated for 10 min at room temperature and then incubated with the primary 

polyclonal rabbit antibody against cleaved caspase-1 (1:500, ab1872; Abcam, UK) and polyclonal 

mouse against NeuN antibody (1:500, ab104224; Abcam, UK) overnight at 4°C. Sections were then 

washed again thrice in PBS before incubation in the dark for 1 h in blocking solution containing the 

secondary antibodies (CyTM3-conjugated goat anti-rabbit IgG, 1.5 mg/mL, A0516, Beyotime, China; 

FITC-conjugated goat anti-mouse IgG, 1.5 mg/mL, A5608, Beyotime, China) diluted at 1:200 in the 

blocking solution. After washing with PBS, 5 µg/mL 2-(4-amidinophenyl)-6-indolecarbamidine 

dihydrochloride (DAPI; Beyotime Biotech Inc., Nantong, China) was added to stain the cell nuclei for 

2 min to show their locations. Immunofluorescence images were captured using a laser scanning 

confocal microscope (Olympus, Tokyo, Japan), and the percentage of cleaved caspase-1 combined 

with NeuN- and DAPI-positive cells was calculated. 

 

Western blotting 

IL-1β and IL-18 expression levels were assessed using Western blotting (n = 6 per group). At 12 h 

after HSR, total protein was extracted from the cortical tissues and lysed in tissue lysis buffer. Samples 

containing 30 µg of protein were subjected to SDS-PAGE and transferred onto a membrane. After the 

membrane had been blocked at 37°C for 2 h, primary antibodies of rabbit anti-rat polyclonal IL-1β 

(1:1000 dilution, ab9722; Abcam, USA) and IL-18 (1:1000 dilution, ab71495; Abcam, USA) antibody 

were applied at 4°C overnight, followed by incubation with a secondary antibody (anti-rabbit antibody, 

1:2000 dilution, sc-2004; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) at 25°C for 1 h. 

Protein bands in each treatment group were detected using a Western blot detection system with ECL 

(Amersham Biosciences, Piscataway, NJ, USA). β-Actin (1:2000 dilution, sc-47778; Santa Cruz 

Biotechnology, Inc.) was used as an internal reference[41]. 

 

MRI study 

MRI was performed using a clinical 2.0 T MRI scanner (Magnetom, version 2.0 T; Siemens, Berlin, 

Germany) along with a general 3-in circular coil at room temperature. T2-weighted images were 
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acquired using the following parameters: repetition time (TR)/echo time (TE), 2500/70; 6 echoes, 192 

× 192; slices, 12; slice thickness, 2.0 mm; field of view (FOV), 80 mm; and acquisition time, 6.5 min. 

For all models at 24 h after HSR, rats were then placed prone in an animal holder, and the four-element 

proton surface coil array was positioned and fixed over the head of the animal after applying anesthesia 

with sodium pentobarbital as described above. ImageJ analysis and processing was applied for T2W 

images. Besides visual inspection, the regions of interest (ROI) were placed free-hand on regions of 

cerebral cortex, and signal intensity before and after indicated stimuli were measured. To reflect the 

signal changes on T2WI, T2-weighted standardized signal intensity (SSI) was obtained by calculating 

the ratios between the average signal intensity (SI) and SI of temporalis. The ratio of before/after 

indicated stimuli SSI was determined for each rat as a measure of T2W images. 

 

Morris water maze test 

Thirty days after HSR, a Morris water maze was used to assess the learning ability following the 

indicated stimuli (n = 6 per group). Behavioral tests were assessed by an investigator blinded to the 

experimental groups. A black-painted circular pool (diameter, 100 cm; depth, 30 cm) was filled with 

warm water (25 ± 1°C) to a depth of 25 cm. A transparent platform (diameter, 10 cm; height, 29.5 cm) 

was placed in a constant location during the acquisition phase. The experimental room contained 

distinctive distal visual cues surrounding the pool that remained unchanged throughout the study. A 

video-tracking system (Shanghai Mobiledatum Co., Ltd., Shanghai, China) was used to record the 

movement (from latency to the platform). Before the training session, rats were kept on the platform 

for 30 s and were given 90 s to find the platform when they were placed in water from one of four 

starting quadrants (in a random order). The training test took place four times a day for 4 days. 

Thirty-four days after HSR, the distance and time spent in the targeted quadrant were recorded[42]. 

 

Statistics 

All statistical analyses were conducted using SPSS 17.0 for Windows (SPSS, Inc., Chicago, IL, USA). 

Data are given as mean ± standard deviation (SD). The assumption of homogeneity of variance was 

checked using the Levene test. When data heteroscedasticity was identified, it was corrected by 

logarithmic transformation of the data. Data were compared using multi-factor analysis of variance 

(ANOVA) with a Tukey post hoc test. Differences with P < 0.05 were considered significant. 
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Figure legends 

Fig. 1. Changes in somatosensory evoked potentials. (A) Representative median nerve somatosensory 

evoked potentials at different times during HSR. N10.3 was chosen for further serial investigations of 

its amplitude. (B) Changes in the amplitude of the somatosensory cortical evoked potential in response 

to hemorrhagic shock. Data are presented as mean ± SD (n = 6 per group). *P < 0.05 vs. baseline, #P < 

0.05 vs. 15 min after bleeding, &P < 0.05 vs. 30 min after bleeding. 

 

Fig. 2. Changes in cortical pyroptosis after hemorrhagic shock and resuscitation (HSR) exposure. (A) 

Representative photomicrographs from cleaved caspase-1/NeuN/DAPI staining (cleaved caspase-1, red; 

NeuN, green; DAPI, blue) showing pyroptotic cells in the cortical tissue 6–24 h after HSR. (B) 

Percentages of pyroptotic cells in the cortical tissue 6–24 h after HSR, scale bar = 50 µm. Data are 

presented as mean ± SD (n = 6 per group). *P < 0.05 vs. Sham, **P < 0.05. 

 

Fig. 3. Experimental protocol and changes in carbon monoxide concentration caused by the indicated 

stimuli. (A) Sham: rats without hemorrhagic shock and resuscitation (HSR) or CORM-3 treatment; 

HSR: rats bled to 30 mmHg for 1 h and resuscitated by blood re-infusion for 15 min; CORM-3 or 

iCORM-3: after resuscitation, rats injected with CORM-3 (4 mg/kg) or iCORM-3 (4 mg/kg) as a 

control via the left femoral vein; and NS2028 or Vehicle: rats injected with NS2028 (10 mg/kg) or 

saline as a control via the left femoral vein before bleeding. (B) Carbon monoxide concentration 6–24 

h after HSR. Data are presented as mean ± SD (n = 6 per group). *P < 0.05 vs. Sham; #P < 0.05 vs. the 

previous time point; for the same point, $P<0.05 vs. HSR and HSR/iCORM-3. 
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Fig. 4. Changes in cortical pyroptosis, sGC activity, and cGMP content caused by the indicated stimuli. 

(A) Representative photomicrographs from cleaved caspase-1/NeuN/DAPI staining (cleaved caspase-1, 

red; NeuN, green; DAPI, blue) showing pyroptotic cells in the cortical tissue by the indicated stimuli, 

scale bar = 50 µm. (B) Percentages of pyroptotic cells in the cortical tissue caused by the indicated 

stimuli. (C) Representative Western blot of IL-1β and IL-18 in the cortical tissue. (D, E) Ratio between 

optical density value of IL-1β and IL-18 in the cortical tissue evaluated by Western blotting. Data are 

presented as mean ± SD (n = 6 per group). (F, G) Changes in the soluble guanylate-cyclase (sGC) 

enzyme activity and cyclic guanosine monophosphate (cGMP) content in rat cortical tissue 

homogenate caused by the indicated stimuli. Sham, HSR, CORM-3, iCORM-3, NS2028 and Vehicle 

are as described previously. *P<0.05 vs. Sham/iCORM/Vehicle group; †P<0.05 vs. the equivalent sham 

group; #P<0.05 vs. the equivalent vehicle group; $P<0.05 vs. the equivalent iCORM group. 

 

Fig. 5. Changes in mitochondrial regulation of the cortical tissue caused by the indicated stimuli. (A) 

Dysmorphic mitochondria under an electron microscope from cortical extraction caused by the 

indicated stimuli, scale bar = 200 nm. (B) Percentages of normal mitochondria in the cortical tissue 

caused by the indicated stimuli. (C) Percentages of swelling plus ghost mitochondria in the cortical 

tissue caused by the indicated stimuli. (D) Changes in the mitochondrial membrane potential (MMP) of 

the cortical tissue caused by the indicated stimuli. (E) Changes in mitochondrial ROS of the cortical 

tissue caused by the indicated stimuli. Data are presented as mean ± SD (n = 6 per group). Sham, HSR, 

CORM-3, iCORM-3, NS2028 and Vehicle are as described previously. *P<0.05 vs. 

Sham/iCORM/Vehicle group; †P<0.05 vs. the equivalent sham group; 
#P<0.05 vs. the equivalent 

vehicle group; $P<0.05 vs. the equivalent iCORM group. 

 

Fig. 6. Changes in T2-weighted MRI caused by the indicated stimuli. (A) T2-weighted MRI coronal 

views from rats at 24 h after HSR. (B) The ratio of standardized signal intensity on regions of cerebral 

cortex before/after indicated stimuli. Data are presented as mean ± SD (n = 12 per group). Sham, HSR, 

CORM-3, iCORM-3, NS2028 and Vehicle are as described previously. *P<0.05 vs. 

Sham/iCORM/Vehicle group; †P<0.05 vs. the equivalent sham group; 
#P<0.05 vs. the equivalent 

vehicle group; $P<0.05 vs. the equivalent iCORM group. 
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Fig. 7. Changes in learning ability caused by the indicated stimuli. (A) Computer printouts of 

swimming trajectories of each group on day 30 after HSR. The circle represents the platform location. 

(B–E) Escape latency in Morris water maze from Day 1 to Day 4. (F, G) The ratio of time and distance 

spent in the targeted quadrant when the platform was taken away. Data are presented as mean ± SD (n 

= 6 per group). Sham, HSR, CORM-3, iCORM-3, NS2028 and Vehicle are as described previously. 

*P<0.05 vs. Sham/iCORM/Vehicle group; †P<0.05 vs. the equivalent sham group; 
#P<0.05 vs. the 

equivalent vehicle group; $P<0.05 vs. the equivalent iCORM group. 

 

Graphical abstract. A proposed diagram tying together the observations involved in 

CORM-3-induced neuroprotection against HSR. HSR increased neuronal pyroptosis, which might be 

associated with up-regulation of ROS. CORM-3 not only significantly reduced these neuronal 

pyroptosis, but also improved long-term learning ability and T2-weighted MRI, which might be 

associated with inhibition of mitochondrial dysfunction through regulating activity in sGC-cGMP 

signal pathway, whereas NS2028, a blocker of sGC, could partially inhibit these neuroprotective 

effects. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

Highlights 

1. Hemorrhage shock and resuscitation (HSR) significantly decreased somatosensory evoked 

potentials, caused degeneration of learning ability, increased cortical neuronal pyroptosis and 

mitochondrial injury. 

2. CORM-3 administration after resuscitation provided neuroprotection for HSR, and improved 

learning ability. 

3. The neuroprotective mechanism of CROM-3 against HSR injury could be associated with sGC–

cGMP pathway. 


