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Sodium butyrate exerts 
a neuroprotective effect in rats 
with acute carbon monoxide 
poisoning by activating autophagy 
through the mTOR signaling 
pathway
Jing Wen 1,3, Qiong Xu 2, Jing Li 2, Xuanyang Shen 1,3, Xiaolong Zhou 2, Jing Huang 3 & 
Shiping Liu 2*

Acute carbon monoxide (CO) poisoning is a prevalent type of poisoning that causes significant harm 
globally. Delayed encephalopathy after acute carbon monoxide poisoning (DEACMP) is a severe 
complication that occurs after acute CO poisoning; however, the exact underlying pathological 
cause of DEACMP remains unclear. Accumulating evidence indicates that abnormal inflammation 
and immune-mediated brain damage, cellular apoptosis and autophagy, and direct neuronal 
toxicity are involved in the development of delayed neurologic sequelae. Sodium butyrate, a histone 
deacetylase inhibitor, has gained increasing attention for its numerous beneficial effects on various 
diseases, such as obesity, diabetes, inflammatory diseases, and cerebral damage. In this study, an 
acute carbon monoxide poisoning (ACOP) model is established in rats to investigate the mechanism 
of CO poisoning and the therapeutic potential of sodium butyrate. The results suggested that the 
ACOP rats had impaired spatial memory, and cell apoptosis was observed in the hippocampi with 
activated autophagy. Sodium butyrate treatment further increased the activation of autophagy in 
the hippocampi of CO-exposed rats, inhibited apoptosis, and consolidated spatial memory. These 
findings indicated that sodium butyrate may improve memory and cognitive function in ACMP rats by 
promoting autophagy and inhibiting apoptosis.

Acute carbon monoxide poisoning (ACOP) is one of the most common clinical poisonous diseases as well as 
the primary fatal cause of accidental poisoning worldwide1. Delayed neurologic sequelae are the most serious 
complications associated with acute CO poisoning. Despite receiving treatment, approximately 0.2–40% of 
survivors develop delayed encephalopathy after acute carbon monoxide poisoning (DEACMP)2.DEACMP is 
characterized by a series of neurological and psychiatric symptoms, and the clinical manifestations of DEACMP 
include dementia, poor concentration, memory loss, cognitive and personality changes, and dysfunction of the 
pyramidal and extrapyramidal systems3. The pathogenic mechanisms of DEACMP include the ischemia-hypoxia 
hypothesis, the inflammation and immune-mediated damage hypothesis, and mechanisms associated with cel-
lular apoptosis and direct neuronal toxicity induced by CO4. However, these hypotheses have not been able to 
provide a satisfactory explanation for the complex clinical presentation of DEACMP.

Autophagy is a catabolic process used to degrade and recycle the cell’s own unnecessary or dysfunctional 
components through the lysosomal system. Normally, it facilitates the cell to maintain homeostasis, prevents the 
accumulation of toxic or damaging proteins and organelles, and maintains the function of cellular physiology5.
Autophagy increases significantly in response to various stimuli, including nutrient starvation, growth factor 
deprivation, DNA damage, the accumulation of abnormal proteins, and organelle damage6.Under pathological 
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conditions of the cell, the regulation of autophagy facilitates better adaptation to stresses such as starvation, 
hypoxia, and ischemia7. In recent years, emerging evidence has suggested that autophagy is closely linked to 
neurological disorders, and the activation and upregulation of autophagy improves neurological deficits that play 
vital roles in neuroprotection8,9. It has been reported that the upregulation of autophagy alleviates the deposition 
of pathologic proteins (Aβ and tau protein) and improves learning and memory in perioperative neurocognitive 
disorders in rats with diabetes10, It also suppresses neuronal apoptosis in Parkinson’s model rats. In addition, 
activation of autophagy is beneficial to reducing neurological injury and improving the prognosis of ischemic 
brain damage; however, few studies have focused on autophagy in DEACMP.

Sodium butyrate is a histone deacetylation inhibitor (HDACi) that is produced in the colon and primar-
ily originates undigested dietary carbohydrates by intestinal bacterial fermentation11. It is of particular inter-
est because of its multiple biological functions, including anti-inflammatory, anticancer, immune modulation, 
regulation of intestinal flora, and maintenance of gastrointestinal tract mucosal integrity12,13. It has been shown 
that sodium butyrate prevents hypobaric hypoxia-induced spatial memory deficits14. In an animal model of 
posttraumatic stress disorder, sodium butyrate reversed single prolonged stress-induced hippocampal histone 
deacetylase (HDAC) overexpression and enhanced fear elimination15. Further, sodium butyrate improves synaptic 
plasticity by reducing neuroinflammation in 5XFAD mice early in the disease16.

The therapeutic effects and mechanisms of sodium butyrate in CO-induced brain injury remain unclear. 
In this study, we established an ACOP model in rats. We found that the ACOP rats exhibited a loss of spatial 
memory, increased apoptosis, and activated autophagy in the hippocampus. Sodium butyrate treatment further 
promoted autophagy, inhibited apoptosis, and facilitated the retention of spatial memory in ACOP rats.

Results
Manifestations of acute CO poisoning
After exposure to CO for 5–10 min, the rats showed excitement and mild agitation, followed by shortness of 
breath, increased respiratory amplitude, cherry-red coloration of the mucous membranes of the mouth and 
nose, and cherry-red coloration of the skin of the ears, paws, and tail. Some rats showed erect hair, mania, and 
limb paralysis, and some rats had convulsions and opisthotonos. When the CO concentration was maintained at 
3000 ppm, the rats gradually lost consciousness or even died. Autopsy of the dead rats showed severely edematous 
brain tissue and significant internal organ hyperemia. After being removed from the container, the rats gradually 
regained consciousness after inhaling fresh air for 10–15 min. The rats in the control group had smooth respira-
tion, normal skin mucosa, no irritability, no convulsions, and no congestion and edema in the internal organs 
of the dissected rats. The dead rats were removed from the experiment, and the same number of new rats were 
trained using the Morris water maze (MWM) test. A total of 16 rats died during the model establishment, and 
no rats died 14 days after CO exposure.

Carboxyhemoglobin levels following CO exposure
Rats with a blood carboxyhemoglobin concentration at or above 50% after CO poisoning, loss of consciousness, 
and recovery of spontaneous respiration after resuscitation were selected for the experiment. The concentrations 
of carboxyhemoglobin in the blood are shown in Fig. 1.

Sodium butyrate treatment attenuated CO‑induced spatial memory impairment
We evaluated the effect of sodium butyrate on the CO-induced memory and cognitive dysfunction via the Morris 
water maze (MWM) test. The data showed that the poisoning rats exhibited a significantly prolonged platform 
identification latency compared with normal ones on days seven and 14 (Fig. 2a,b). However, sodium butyrate 

Figure 1.   Carboxyhemoglobin levels of rats after CO exposure. After exposure to CO for 60 min, the mean 
blood carboxyhemoglobin concentration reached toxic levels in the CO group (66.94 ± 2.923) and NaB group 
(65.38 ± 4.747), there was no difference between the two groups.
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treatment alleviated the loss of spatial memory function in the CO-exposed rats, and significantly shortened 
escape latency were observed in the NaB group compared with those in the CO group on days seven and 14 
(Fig. 2a,b). There was no statistical difference in the swimming latency between the three experimental groups 
on day one (Fig. 2a,b). The representative swimming trials are shown in Fig. 2a. These results suggested that 
spatial memory was impaired in the ACOP rats compared with the normal rats, but the sodium butyrate treat-
ment consolidated spatial memory in the rats after CO exposure.

Sodium butyrate reduced the expression of HDAC1 in rats after CO exposure
It has been reported that the expression of the HDAC1 protein is increased in hypoxia and ischemia/reperfu-
sion models, and HDAC1 overexpression decreases cell survival, whereas inhibition or knockdown of HDAC1 
increases cell viability17,18. Therefore, we investigated the effect of sodium butyrate on HDAC1 after CO poison-
ing. Western blotting was performed to evaluate the expression of HDAC1 protein on day one, day seven, and 
day 14 after CO exposure. Our results demonstrated that there was a marked upregulation in the protein level of 
HDAC1 in the CO group compared with the control group at all of the time points (Fig. 3a,b). With prolonged 
poisoning, the HDAC1 protein expression gradually increased. Conversely, sodium butyrate treatment decreased 
the HDAC1 protein level in the CO-exposed rats (Fig. 3a,b). There was no significant difference between the 
NaB group and the CO group on day one (Fig. 3b). However, a significant decrease in the HDAC1 protein levels 
was observed in CO-poisoned rats on days seven and 14 after sodium butyrate treatment (Fig. 3b). These data 
suggested that sodium butyrate inhibited CO-induced HDAC1 protein overexpression in rat hippocampal tissue.

Sodium butyrate increased the expression of the autophagy‑related proteins and reduced 
apoptosis protein expression
Prior studies have reported that autophagy, as a degradation/recycling system, is associated with the patho-
genesis of many neurological disorders. We examined the expression of autophagy-related proteins in order to 
investigate the relationship between autophagy and neurologic injury after CO poisoning and the therapeutic 
effects of sodium butyrate. A western blot assay showed that CO significantly upregulated the expression of 
autophagy-related proteins Beclin1 and LC3II and inhibited P62 expression at all of the time points, indicating 
that CO poisoning can increase autophagy activity of rat hippocampal neuronal cells (Fig. 4a–d). However, the 
expressions of Beclin1 and LC3II were further increased, and that of P62 was further decreased in the hippocampi 
of rats from the NaB group, suggesting that sodium butyrate treatment further promoted autophagy (Fig. 4a–d). 
Immunohistochemical staining results of the autophagy-related proteins, Beclin1 and LC3B, in the brain tissues 
of rats from all of the groups were consistent with the western blot results, and the immunopositivity rates of 
Beclin1 and LC3B were elevated at all of the time points in the CO group (Fig. 4e–g and S1, 2). After sodium 
butyrate treatment, the immunopositivities of Beclin1 and LC3B were further elevated (Fig. 4e–g and S1, 2), and 
they were more densely and widely distributed (Fig. 4e and S1, 2).

Therefore, autophagy is closely associated with apoptosis. We also examined the apoptosis-related proteins, 
Bcl-2 and Bax. The results showed that the Bax expression gradually increased in the hippocampi of the CO 
group rats, accompanied by a decrease in Bcl-2 (Fig. 5a,b,c). Sodium butyrate reversed this trend (Fig. 5a,b,c). 
These data suggested that carbon monoxide activated autophagy and apoptosis, and the intervention of sodium 
butyrate further promoted autophagy and inhibited apoptosis.

Figure 2.   sodium butyrate treatment consolidated spatial memory in the rats after CO exposure. (a) Morris 
water maze track diagram for each group. The representative motion track from single animals in the CO group 
was generally more complex than that in the control group. The representative motion track from single animals 
of the NaB group was simpler than that in the CO group. (b) Mean escape latency time for each group, the 
original images are presented in Fig. S13. Data are presented as mean ± SD (n = 8). ns: no significant, *p < 0.05, 
**p < 0.01, ***p < 0.001. CO carbon monoxide poisoning, NaB sodium butyrate.
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Sodium butyrate inhibited the mTOR signaling pathway
The mammalian target protein of rapamycin (mTOR) is a key molecule that regulates autophagy. We then inves-
tigated the expression of mTOR. We found that the ratio of p-mTOR/mTOR in the hippocampi of rats in the CO 
group was significantly decreased at all of the time points compared with those of the control group (Fig. 6a,b). 
After the sodium butyrate treatment, the expression of p-mTOR/mTOR was lower than that of the model rats, 
and the difference was statistically significant (Fig. 6a,b).

Pathological changes in the hippocampi of the rats in the three groups
Hematoxylin and eosin staining
Hematoxylin and eosin (H&E) staining was performed to observe the neurons in the hippocampal area on one, 
seven, and 14 days after ACOP model induction. We found that neurons in the CA1 region of the hippocampal 
tissue in the control groups rats were neatly and tightly arranged, with round or oval shapes, intact nuclear 
membranes, clear outlines, lightly stained nuclei, and no obvious changes at all of the time points (Fig. 7a,b and 
S3). However, in the CO group, neurons in the CA1 regions showed obvious pathological changes, with irregular 
shapes and disorganized cytosolic structures. In addition, the nucleoli appeared deeply stained and deviated, 
part of which was accompanied by pyknosis and karyorrhexis. The number of cells was reduced, the cell layer 
was thinned, and the most obvious cellular damage was observed at 14 days of toxicity (Fig. 7a,b and S3). While, 
the cellular damage in rats in the NaB groups was reduced significantly compared with that of the CO groups, 
the neuronal bodies returned to roughly normal dimensions, and fewer nuclear pyknosis and karyorrhexis were 
detected (Fig. 7a,b and S3). This result suggested that sodium butyrate treatment alleviated the neuronal damage 
of the hippocampi in rats following CO exposure.

Nissl staining
Nissl staining was performed on the CA1 region of the hippocampal neurodegeneration 14 days after ACOP 
model induction in order to investigate the effect of sodium butyrate on CO-induced hippocampal neurodegen-
eration. We found a significant reduction in the number of hippocampal neurons in rats after CO exposure, the 
shrinkage or detachment of neuronal cell bodies, and significant reductions or losses of Nissl bodies compared 

Figure 3.   Sodium butyrate inhibited CO-induced HDAC1 protein overexpression in rat hippocampal tissue. 
(a) Representative images of Western blots for hippocampal HDAC1 on day 1, day 7, and day 14 after exposure 
to CO. These blots was cropped, the original, un-processed blots are presented in Fig. S8, 9. (b) Quantitative 
analysis of Western blot for HDAC1. Protein levels of HDAC1 are normalized to the level of β-actin. Data 
are expressed as mean ± SD (n = 5/group). ns: no significant, *p < 0.05, **p < 0.01, and ***p < 0.001. CO carbon 
monoxide poisoning, NaB sodium butyrate.
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with rats in the control group (Fig. 8a and S4). In the NaB group, the number of hippocampal neurons increased 
significantly compared with those in the CO group, thus suggesting that neuronal damage in the hippocampus 
after CO poisoning was alleviated by sodium butyrate intervention. Similar data were observed when the num-
bers of Nissl-positive cells were quantified (Fig. 8d and S4).

Immunochemical and TUNEL Staining
We analyzed the results of the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay 
and NeuN staining in the CA1 area of the hippocampus on day 14 after CO exposure in order to further confirm 
the neuroprotective effect of sodium butyrate. The data showed a significant decrease in the number of NeuN-
positive surviving neurons accompanied by an increase in apoptotic cells in the CO group compared with the 
control group. Sodium butyrate treatment limited the increase in apoptotic cells and augmented the number of 
NeuN-positive neurons, indicating an anti-apoptotic action of sodium butyrate (Fig. 8b,c,e,f and S5, 6).

Transmission electron microscopy (TEM)
In the prior section, we found increased expression of autophagy-related proteins in the ACOP rats. In this 
portion, autophagosomes were investigated using TEM. The cell morphologies in the hippocampi of rats in 
the control group were normal and structurally intact, with big and round nuclei, uniform chromatins, and 
few autophagosomes were observed. In the CO group, the observation of cell morphologies showed abnormal 
mitochondrial morphologies, including obvious mitochondrial swelling, mitochondrial cristae ruptures, and 
mitochondrial vacuolization. In addition, autophagic vesicles appeared in the cytoplasms, and partial demyeli-
nation of neurons was observed (Fig. 9). The degree of damage of the hippocampal ultrastructure in the NaB 
group was a little less than that of the CO group, the mitochondria were normal or only slightly swollen with 
few vacuoles, and the number of autophagosomes in the hippocampal neurons was increased compared with 
that of the CO group (Fig. 9). The results suggested that sodium butyrate treatment efficiently improved the 
ultrastructural damage of the hippocampi induced by CO poisoning.

Discussion
DEACMP is a common and serious complication of CO poisoning. It has been reported that19, the lethality rate 
of patients with DEACMP is approximately 30%, and the disability rate is approximately 78%. Once DEACMP 
occurs, it will lead to a significant decline in the quality of life and cause a heavy economic burden on patients, 
their families, and society. As a key part of learning and memory, the hippocampus plays an important role 
in memory shaping and spatial localization20, and it is a region of the brain that is most sensitive to ischemic-
hypoxic injury21. The Morris water maze test, a vital tool for assessing cognitive function in rats, is a key technique 
in the investigation of hippocampal function22. In this study, rats were trained to eliminate those with poor 
learning and memory abilities before the experiment, thus minimizing the effect of individual differences and 
improving the reliability of the results. This work explored the mechanism of brain damage after CO exposure by 
establishing an ACOP rat model. The results indicated that the ACOP rats experienced impaired spatial memory, 
increased apoptosis in the hippocampi, and activated autophagy.

The development of DEACMP is closely related to brain cell apoptosis23. After carbon monoxide poisoning, 
the formation of COHb and the direct toxicity of CO lead to tissue hypoxia. Tissue hypoxia-induced oxidative 
stress and the neuroinflammatory response persists a long time after CO exposure, which induces apoptosis and 
necrosis of brain cells, ultimately leading to a wide range of neuropathological and physiological alterations24,25. In 
this study, we observed and analyzed the data on days one, seven, and 14 after CO poisoning. The results showed 
that the expressions of the apoptotic protein, Bax, gradually increased in the hippocampi of the ACMP rats and 
the expressions of the anti-apoptotic protein, Bcl-2, gradually decreased compared with that of the normal rats. 
During the early stage of poisoning, the degree of neuronal damage was mild, the number of surviving neurons 
was high, and the number of apoptotic cells was low. With prolongation of the disease, the neuronal cell damage 
gradually increased, and the cell morphology changed significantly, with a decrease in the number of NeuN-
positive neurons and an increase number of apoptotic cells. In addition, there was a disorganized arrangement 
of the cell layers. The Morris water maze test showed that the mean swimming avoidance latency of the poisoned 
rats was significantly prolonged from 7 to 14 days after intoxication, suggesting that the spatial memory was 
impaired by CO exposure in the rats. These results were consistent with previous findings that reflected a delay 
in brain damage after CO exposure. However, we observed a significant shortening of the Morris water maze 
latency, a decrease in the Bax protein levels, an increase in the number of surviving neurons, and a decrease in 
the number of apoptotic cells in the hippocampal CA1 region of the sodium butyrate-treated rats. H&E staining 
and Nissl staining showed a decrease in the apoptotic and necrotic cells in the ACMP rats treated with sodium 
butyrate, and the disappearance of Nissl bodies was observed only in a few neurons. These results suggested 
that the sodium butyrate intervention ameliorated CO-induced brain damage and consolidated memory in the 
ACOP rats.

Autophagy plays a vital role in maintaining the dynamic balance of body tissues and is closely linked to apop-
tosis and necrosis. It is also closely associated with neurological diseases. Hypoxia, a high generation of reactive 
oxygen species, and a reduced cellular energy supply are all critical factors for the initiation of autophagy26,27. 
The ULK1 (unc-51-like kinase 1) complex, consisting of ULK1, ULK2, Atg (autophagy-associated protein) 13, 
Atg 101, and FIP200 (focal adhesion kinase family interacting protein of 200 kDa), is critical for autophagy 
initiation28. mTOR is involved in the formation of two distinct complexes, mTORC1 and mTORC229. Under 
normal growth conditions, mTORC1 induces hyperphosphorylation of Atg13 and ULK1/2 that inhibits the 
kinase activity of ULK, leading to down-regulation of autophagy in mammalian cells29–31. Hypoxia can lead to 
dephosphorylation of mTOR at serine32, resulting in the inactivation of mTORC1, immediate dephosphorylation 
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of Atg13 and ULK, and facilitating the formation of pre-autophagosomal structures (PAS). Beclin-1, a key factor 
in cellular autophagy, is involved in the processes of autophagosome membrane formation. The kinase activity of 
ULK-1 is required for autophagy induction, and it mediates the pro-autophagy VPS34-Atg14-Beclin-1 complex 
(Class III phosphatidylinositol 3-kinase complex) formation via phosphorylating Beclin-133,34. The generation of 
PI3P though the Class III PI3K complex and Atg9 mediates the accumulation of several other Atg proteins onto 
PAS for assembly whose action is to generate the isolation membrane, and it ultimately completes the forma-
tion of an autophagosome34,35. LC3 is involved in the autophagosome membrane extension phase. It primarily 
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includes the Atg12–Atg5–Atg16 system and the phosphatidylethanolamine (PE)-microtubule associated protein 
1 light chain 3 (MAPlLC3B, abbreviated as LC3) system. Atg12–Atg5–Atg16L is located in the outer membrane 
of autophagosomes and promotes the formation of Atg8-PE. The amount of Atg8-PE determines the size of the 
autophagosome and plays a critical role in the expansion of autophagosomes36. Additionally, Atg4 cleaves the 
LC3 precursor (Atg8) to form LC3-I that is then covalently bound to PE and converted to lipid-soluble LC3-II via 
catalysis by Atg7 and Atg337. LC3-II, localized to the autophagosome membrane, is the first marker of mammalian 
autophagosome membranes38. Thus, Beclin1, the ratio of LC3-II/LC3-I, and the number of autophagosomes 
serve as indicators of autophagy activity. The ubiquitin-binding protein, P62, one of the important markers for 
selective autophagy, is a receptor protein that disassembles misfolded proteins39. The N-terminal PB1 structural 
domain of P62 forms a complex via the conjunction with LC3-II that promotes the generation of autophagic 
vesicles and the following degradation in the lysosome along with other protein aggregates40,41. Consequently, 
the activation of autophagy decreases the expression of the intracellular P62 protein (a schematic of autophagy 
is shown in Fig. 10). The observation indexes in our study included autophagic vesicles, p-mTOR/mTOR, P62, 
Beclin1, and LC3-II that can all objectively measure the occurrence and intensity of autophagy.

Autophagy and apoptosis are two essential cellular processes that enable cells to respond to cellular damage 
caused by various stressors42, and it is important to maintain a balance between these two processes to ensure cell 
survival and proper functioning. Excessive apoptosis can lead to cell death after stress during ischemia, hypoxia, 
and trauma. Autophagy is the first response to cellular damage and is dedicated to remedying various injuries42. 
Cellular stresses, such as nutrient deficiency, can trigger autophagy, allowing cells to regulate their internal 
components and adapt to their environment. Autophagy plays a dual role in cell survival or death, depending 
on the cellular environment43. Under stress conditions, autophagy is activated and is considered a pro-survival 
response44, however, excessive upregulation of autophagy can lead to cell death45,46.

Due to the complex relationship between autophagy and apoptosis. We subsequently investigated the mTOR-
mediated autophagy pathway in the hippocampus of the ACMP rats. The results showed that the p-mTOR/mTOR 
ratio and the P62 protein levels were decreased in the hippocampi of rats in the CO group, while the expressions 
of Beclin1 and LC3-II were increased. In addition, a small number of autophagosomes and obviously swollen 
mitochondria were observed under electron microscopy. These data suggested that delayed brain injury after 
CO exposure was accompanied by autophagy, but this may not be enough to eliminate the damage to neurons 
caused by CO poisoning. In contrast, autophagy markers were further upregulated in the hippocampi of rats 
in the NaB group compared that of the CO group, and an increase in the number of autophagic vacuoles and 
a decrease in mitochondrial swellings were observed. These results suggested that sodium butyrate further 
promoted autophagy and was beneficial for improving CO-induced brain damage. It is worthy to note that the 
further activation of autophagy by sodium butyrate did not cause additional cellular damage. This suggested that 
sodium butyrate may attenuate hippocampal injury in ACMP rats via the upregulation of autophagy.

HDACs are an important class of epigenetic regulatory enzymes. They can remove the acetyl group from 
the lysine amino group of a target protein, thereby affecting gene transcription or altering protein activity. 
There are 11 known HDACs that can be categorized into classes, namely, class I (HDAC1, 2, 3, and 8), class IIa 
(HDAC4, 5, 7, and 9), class IIb (HDAC6 and 10), class III (SIRTs), and class IV HDAC (HDAC11)47. HDAC1, 
HDAC2, and HDAC3 are the most abundant HDACs in the hippocampus that activate the NF-κB signaling 
pathway and are involved in neuroinflammation47,48. In particular, HDAC1 plays a crucial role in promoting 
neuroinflammation49,50. Microglia are resident cells in the central nervous system (CNS) and are primarily 
involved in neuroinflammation. It has been found that LPS triggers the overexpression of HDACs in microglia, 
with HDAC1 being the most significantly elevated. HDACi decreases the release of inflammatory factors from 
microglia after LPS treatment51, In this study, we found that the HDAC1 protein levels were elevated at all-
time points after CO poisoning. Sodium butyrate treatment attenuated brain injuries in the poisoned rats and 
decreased HDAC1 expression. CO poisoning-induced hypoxia resulted in elevated HDAC1 proteins, and HDAC1 
overexpression may be involved in neuroinflammation aggravating CO-induced brain injury. Additionally, the 
inhibition of HDAC1 protein expression using sodium butyrate may also be a mechanism for its neuroprotective 
effect. However, the specific mechanism by which HDACs are involved in carbon monoxide poisoning-induced 
brain injury remains unclear and requires further study.

Figure 4.   Sodium butyrate treatment promotes the expression of autophagy-related proteins in ACOP rats. CO 
poisoning can increase autophagy activity of rat hippocampal neuronal cells, CO upregulated the expressions of 
Beclin1 and LC3II, and sodium butyrate treatment further promoted autophagy. (a) Representative images of 
Western blots for hippocampal P62, Beclin1, and LC3-B on day1, day7, and day14 after exposure to CO; These 
blots was cropped, the original, un-processed blots are presented in Fig. S10a,b,c. (b–d) Quantitative analysis 
of Western blot for P62,Beclin1,and LC3-B.The protein levels of P62, Beclin1, and LC3-II are normalized to the 
level of β-actin, data are expressed as mean ± SD (n = 5/group); (e) Immunohistochemical staining for Beclin1 
and LC3B in the CA1 area of hippocampi on day14 after exposure to CO, the detection of Beclin1 and LC3B, 
appearing as yellow–brown, brown, and deep brown. Compared with the control group, Beclin1 and LC3B 
immunopositivity in the nerve fibers of the CO group was significantly increased, and a wider and longer 
distribution of Beclin1 and LC3B immunopositivity was observed in the NaB group, Scale bars = 100 μm; the 
original images are presented in Fig. S16a–b,c, 18a–b,c. (f–g) Quantitative results for Beclin1 and LC3B (n = 3/
group). ns: no significant, *p < 0.05, **p < 0.01, and ***p < 0.001. CO carbon monoxide poisoning, NaB sodium 
butyrate.
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In conclusion, we found that the sodium butyrate treatment upregulated autophagy in the hippocampus of 
CO-exposed rats, inhibited neuronal apoptosis, and attenuated neurological injury. Therefore, sodium butyrate 
may be an effective therapeutic agent for the treatment of DEACMP.

Materials and methods
Experimental animals
Male adult Sprague–Dawley rats (aged 9–10 weeks, weighing 160–220 g, and specific-pathogen-free grade) were 
purchased from the Animal Center of North Sichuan Medical College (Quality Certificate No: SYXK (Chuan) 
2018-076, License No: SYXK (Chuan) 2018–18). The rats were housed at the Department of Laboratory Animals 
in individual cages with independent ventilation systems and maintained under a constant standard condition: 
room temperature (21 ± 2 °C) and humidity (50 ± 15%), 12-h light/dark cycle, and free access to water and food. 
In our study, all of the experiments were approved by the welfare and ethics review committee of animal experi-
ments of the North Sichuan Medical College [animal ethics review number: NSMC-2023047]. This study was 
conducted in compliance with the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines 
and conducted according to the Guidelines for the Animal Center of North Sichuan Medical College.

Reagents
Carbon monoxide was purchased from the Chengdu Xindu Jinnengda Gas Co. (China). sodium butyrate was 
purchased from the Shanghai Macklin Biochemical Technology Co. (China). The BCA protein assay kit was pur-
chased from Solarbio (China). The anti-HDAC1, anti-NeuN, anti-mTOR, anti-p-mTOR, anti-P62, anti-Beclin1, 
anti-LC3B, anti-Bax, anti-Bcl-2, anti-β-actin primary antibodies, and HRP-labeled goat anti-rabbit secondary 
antibodies were purchased from Affinity (USA). CoraLite594-conjugated Goat Anti-Rabbit IgG (1:250) was 
purchased from Proteintech (USA).

Basic training and screening using the Morris water maze test
After 1 week of adaptive feeding, all of the rats in the present experiment were trained using the Morris water 
maze test. The Morris water maze consisted of a circular pool with a diameter of 2 m and a video system. The 
circular tub was divided equally into four quadrants. Black ink was added to the pool to create an opaque water. 
A target platform fixed 2 cm below the water surface was placed in the center of one of the quadrants. Rats were 
randomly placed into the water facing the sidewall in one of the quadrants. The trials of the rats were recorded 
immediately using a video system. If the rat was able to find the platform in 60 s, the time taken to climb the 
platform was recorded as the swimming latency. After the rat searched the platform, it was allowed to remain 
there for 15 s to strengthen its memory of the platform. In contrast, the escape latency was recorded as 60 s. 

Figure 5.   Sodium butyrate inhibits cell apoptosis in the hippocampi. In the CO group, the expression of 
Bax gradually increased, accompanied by a decrease in Bcl-2, sodium butyrate treatment reversed this trend. 
(a) Representative images of Western blots for hippocampal Bax and Bcl-2 on day1, day7, and day14 after 
exposure to CO; These blots was cropped, the original, un-processed blots are presented in Fig. S11a–b,c. (b–c) 
Quantitative analysis of Western blot for Bax and Bcl-2. Protein levels of Bax and Bcl-2 are normalized to the 
level of β-actin. Data are expressed as mean ± SD (n = 5/group). ns: no significant, *p < 0.05, **p < 0.01, and 
***p < 0.001. CO carbon monoxide poisoning, NaB sodium butyrate.
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Figure 6.   Sodium butyrate inhibited the mTOR signaling pathway. Western blot analysis for assessing the 
effects of sodium butyrate on the phosphorylation of mTOR signaling in the hippocampus of rats after CO 
exposure. (a) Representative images of Western blots for hippocampal mTOR and p-mTOR.These blots was 
cropped, the original, un-processed blots are presented in Fig. S12a–b,c. (b) Quantitative analysis of Western 
blot for the expression of p-mTOR and p-mTOR, the level of p-mTOR was normalized to the level of mTOR. 
Data are expressed as mean ± SD (n = 5/group). *p < 0.05, **p < 0.01, and ***p < 0.001. CO carbon monoxide 
poisoning, NaB sodium butyrate.

Figure 7.   Sodium butyrate treatment alleviated the neuronal damage of the hippocampi in rats following CO 
exposure. (a) Representative graphs of the pathologic changes in the CA1 region of the hippocampi on 14 days 
after CO exposure. Yellow arrows are normal neurons, with round or oval shapes, intact nuclear membranes, 
clear outlines, lightly stained nuclei, black arrows point out the damage cells, atrophic vertebral cells, they were 
irregular shapes and disorganized cytosolic structures, the nucleoli appeared deeply stained and deviated., Scale 
bar = 100 μm and Scale bar = 50 μm;the original images are presented in Fig. S14a,b,c (b) Quantitative analysis of 
atrophic vertebral cells, (n = 3/group).The cell count results are expressed as cells/field (200× magnification).ns: 
no significant, *p < 0.05, **p < 0.01, and ***p < 0.001. CO carbon monoxide poisoning, NaB sodium butyrate.
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The rats were placed into the four quadrants in sequence, and the average escape latency was calculated. On 
the sixth day, the data were used as the baseline result, and rats that were unable to climb the platform over 60 s 
were eliminated from the study.

Establishment of the animal model
According to a previous protocol52, the CO inhalation method was used to establish the ACOP model. In brief, 
the rats in the CO and NaB groups were placed in a Plexiglas container (70 cm × 50 cm × 45 cm) with entrance and 
exit taps and exposed to 1000 ppm CO gas for 40 min, followed by the inhalation 3000 ppm for another 20 min 
to induce CO intoxication. A CO sensor was installed in the chamber to monitor the CO concentration. After the 
rats lost consciousness, they were moved out of the boxes and exposed to fresh air to recover consciousness. At the 
same time, the rats in the control group were exposed to normal air for 60 min in the aforementioned container.

Experimental groups
In total, 72 rats that completed the basic water maze training successfully were assigned randomly to three groups: 
(1) the normal group (control): rats were exposed to air for 60 min; (2) the CO poisoning group (CO): rats were 
exposed to CO as described above; and (3) the sodium butyrate treatment group (NaB): rats were exposed to 
CO as described above and were intraperitoneal injected with 500 mg/kg of sodium butyrate. There were 24 rats 

Figure 8.   Sodium butyrate reduced neuronal death and apoptosis induced by CO poisoning. Rat brains were 
removed on 1,7, and 14 days after CO exposure and subjected to Nissl, NeuN staining and TUNEL staining, 
these images show the pathologic changes on 14 days after CO poisoning; (a) Representative graphs of Nissl 
staining in the CA1 region of the hippocampi, black arrows in the picture indicated pyknosis Nissl bodies. 
Scale bars = 100 μm; the original images are presented in Fig. S17a–b,c. (b) Representative graphs of NeuN 
(red) staining in theCA1 region of the hippocampi. Scale bars = 100 μm; the original images are presented in 
Fig. S15a,b,c. (c) Representative graphs of TUNEL staining in theCA1 region of the hippocampi, apoptotic cells 
were stained a deep brown color, Scale bars = 100 μm. the original images are presented in Fig. S19a–b,c. (d–f) 
Respective statistical analysis of Nissl-stained cells, NeuN-positive neurons, and TUNEL-positive cells, (n = 3/
group). The cell count results are expressed as cells/field (200× magnification). ns: no significant, *p < 0.05, 
**p < 0.01, and ***p < 0.001. CO carbon monoxide poisoning, NaB sodium butyrate.
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in each group, and the 24 rats were separated into three subgroups randomly and equally based on time points 
of one, seven, and 14 days. Next, three rats in each subgroup were randomly selected for hematoxylin and eosin 
staining, Nissl staining, immunochemical staining,and TUNEL staining. The remaining five rats were used for 
transmission electron microscope and the western blot assay.

Carboxyhemoglobin assessment
Immediately after CO exposure and before sodium butyrate administration, blood samples were obtained from 
the tail veins and heparinized. The modified, dual-wavelength COHb quantitation method was used to determine 
the blood concentrations of COHb to confirm the animal model of CO-poisoning53. First, 0.1 mL of blood sam-
ples was added to 20 mL of 0.4 M ammonium hydroxide and mixed evenly. This was followed by the addition of 
20 mg of sodium dithionite and mixed evenly. Next, we measured the absorbances (A) at 535 and 578 nm using 

Figure 9.   Transmission Electron Microscopy observation of ultrastructural of brain hippocampal nerve cells 
in three groups. The figure shows the ultrastructure of neuronal cells in the hippocampal region of the rat on 
14 days after CO poisoning. Black arrows are autophagosomes, yellow arrows are edematous mitochondria, blue 
arrows are demyelination. Scale bar = 5 μm and Scale bar = 2 μm;the original images are presented in Fig. S20.

Figure 10.   The mechanism of autophagy. (By Figdraw.)
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a spectrophotometer calibrated (Shimadzu) over 10 min. The blood levels of COHb were calculated using the 
following equation: COHb (%) = (2.44 × A535 nm/A578 nm − 2.68) × 100.

Sodium butyrate intervention
Sodium butyrate was dissolved in ultrapure water to form a concentration of 200 mg/ml. After being removed 
from the Plexiglas chamber for 30 min, each of the rats in the NaB group was injected intraperitoneally with 
500 mg/kg of sodium butyrate54,55, once a day and at the same time of day beginning on day one to day 14 after 
the animal model construction. An equivalent volume of 0.9% normal saline was administered to the rats in 
the CO group through daily intraperitoneal injections. The control group was handled in the same manner as 
the CO group.

Morris water maze test
On days one, seven, and 14 after the animal model construction, the Morris water maze (MWM) experiment 
was performed again using the same methods as the description of the basic training.

Tissue sample collection
After the rats underwent the second Morris water maze experiment, 0.1% pentobarbital was administered via 
intraperitoneal injection for a deep anesthesia. The rats were then perfused with 0.01 M phosphate buffer solu-
tion (PBS) and 4% paraformaldehyde (PFA) transcardially. The skulls were opened, the entirety of the brains was 
removed. They were then postfixed in 4% PFA over 6 h. The brains were then dehydrated in gradient ethanol, 
transparented in dimethyl benzene, and finally embedded in paraffin. To test the expression of the target genes 
related to autophagy, the hippocampus tissues were placed in a tube and transferred to a freezer for storage at 
− 80 °C. To investigate the autophagosomes, the hippocampi tissues were immersed in 4% glutaraldehyde for 
storage at 4 °C.

Western blot assay
The total protein was extracted from the hippocampal tissues. A total of 20 mg the sample was added to the 
protein lysate that consisted of 200ul of RIPA (Solarbio), 2 ul of phenyl methyl sulfonyl fluoride (PMSF,100 mM), 
and 2 ul of protein phosphatase inhibitors(All-in-one, 100×). After being crushed by an ultrasonic crusher, the 
tissues were lysed on ice for 60 min and then centrifuged at 12,000 r/min for 15 min at 4 °C. The supernatants 
were collected, and the protein concentration was determined utilizing the BCA protein assay kit. The samples 
were then mixed with the loading buffer, RIPA, and boiled for 10 min. Next, equal amounts of each sample were 
separated via SDS–polyacrylamide gel electrophoresis (PAGE), followed by being transferred to polyvinylidene 
fluoride (PVDF) membranes (Merck Millipore). Tailored PVDF membranes should be designed according to the 
target molecules. After blocking in Tris-buffered saline and Tween 20 solution (TBST) containing 5% skimmed 
milk powder for an hour at room temperature, this was incubated using a primary antibody (HDAC1 dilution 
1:1000 mTOR dilution 1:1000; p-mTOR dilution1:1000; p62 dilution 1:1000; Beclin1 dilution 1:1000; LC3B 
dilution 1:1000; BAX dilution 1:1000; bcl-2 dilution 1:1000; and β-actin dilution 1:1000) at 4 °C overnight. On 
the second day, the membrane was incubated using HRP-labeled goat anti-rabbit secondary antibodies (Goat 
anti-rabbit, 1:5000,) at room temperature for 1 h. The membrane was then washed with TBST to remove any 
unbound antibody. Finally, ECL solution (Affinity, USA) was added to the membrane, and the target proteins 
were analyzed using the Bio-Rad ChemiDoc XRS + and image J software. The protein levels are presented as the 
ratio of the targeted proteins/β-actin.

Hematoxylin and eosin staining
The histopathological evaluations were performed following the hematoxylin and eosin (H&E) staining. For this 
purpose, after taking out the entire brains, they were fixed in 4% PFA over 6 h. The samples were then sent to the 
pathology department of the Affiliated Hospital of North Sichuan Medical College, Nanchong, China. Pathologi-
cal changes in the hippocampi were observed using an optical microscope (Olympus) under 200× magnification, 
and images were collected to evaluate the morphologic variations of the neurons in the hippocampi.

Nissl staining (toluidine blue staining)
The paraffin sections were dewaxed with xylene and soaked in gradient ethanol of decreasing concentration 
for rehydration and washed with DDH2O, stained with toluidine blue (Solarbio) at 50 °C for 30 min, followed 
by a differentiation in 95% alcohol (brain tissues were differentiated until the Nissl bodies appeared deep blue 
and the background became pale blue or color-less). Next, the sections were dehydrated using 100% ethanol, 
transparented with xylene, and then air-dried and mounted with neutral resin. The CA1 areas of the hippocampi 
were observed under a light microscope at 200× magnification. A quantitative analysis of surviving neurons was 
performed using Image J software.

Immunochemical and TUNEL staining
The tissue preparation for the immunochemical and TUNEL staining was the same as that for the Nissl staining. 
Next, tissue sections were submerged in a sodium citrate buffer and microwaved on high for 15 min, cooled 
naturally, and then endogenous peroxidase blockers were added for 20 min. After being washed with PBS, and 
the specimens were incubated with 5% BSA for an hour at room temperature. The primary antibodies were then 
applied to the sections at 4 °C overnight. The primary antibodies were rabbit anti-Neun (1:100, Affinity), rab-
bit anti-Beclin1 (1:100, Affinity), and rabbit anti-LC3B (1:100, Affinity). On the second day, the samples used 



13

Vol.:(0123456789)

Scientific Reports |         (2024) 14:4610  | https://doi.org/10.1038/s41598-024-55198-z

www.nature.com/scientificreports/

for immunofluorescence were incubated with fluorophore-conjugated secondary antibodies (goat anti-rabbit 
antibody conjugated to Alexa 594, 1:250) for an hour at room temperature, and the slides were mounted with 
antibody fluorescent attenuation containing DAPI mounting medium. The tissue sections were then observed 
under a fluorescence microscope. The samples used for the immunohistochemical analysis were incubated at 
room temperature for 20 min with biotin-labelled goat anti- rabbit IgG (maxim) and streptomyces anti-biotin 
protein-peroxidase (maxim). The sections were then stained using 3,3′-diami-nobenzidine (maxim) and hema-
toxylin. The sections were observed under an optical microscope after dehydration, clearing, and mounting 
with neutral resin.

The TdT-mediated dUTP nick-end labeling (TUNEL) assay was performed to evaluate the apoptotic cells 
in the CA1 region (keygen) (n = 3/group). In brief, after washing in PBS, sections were submerged in a sodium 
citrate buffer and microwaved on high for 8 min, cooled naturally, and then proteinase K was added. The 
specimens were then incubated for 30 min at 37 °C. After washing with PBS, the TdT enzyme reaction solution 
and streptavidin-HRP epitope solution was applied to the sections for 30 min at 37 °C separately in a humified 
atmosphere devoid of light. After incubation, the samples were washed with PBS. The sections were then stained 
using 3,3′-diami-nobenzidine and hematoxylin. After dehydration, clearing, and mounting with neutral resin, 
the sections were observed under an optical microscope.

Transmission electron microscope (TEM)
The hippocampi tissues were separated from the entire brains carefully and rapidly in a matrix surrounded by 
cold ice and sliced into 1 mm3 pieces. They were then immersed in 4% glutaraldehyde over 3 h at 4 °C. After 
being postfixed using 1% osmium acid for 90 min at 35 °C and dehydrated with gradient ethanol, the tissues were 
embedded in epoxy resin 812 and cut into ultrathin sections of 80 nm using an ultramicrotome (Leica UC7). The 
slices were then immersed in 3% acetic acid uranium and dyed for 15 min. This was followed by 6% lead citrate 
solution for 5 min. Finally, the ultrastructure was observed under a TEM (HITACHI HT7800).

Statistical analysis
SPSS 26.0 was utilized for the data analysis, while Image J was employed for the image analysis. Statistical charts 
were drawn using GraphPad Prism 9.0. The mean ± standard deviation (± s) was utilized to express all of the 
measurement data. We utilized t-tests or analysis of variance (ANOVA) to compare the measurement data 
groups that adhered to normal distributions and nonparametric rank-sum tests for those that did not. Statistical 
significance was set at p < 0.05.

Data availability
All data generated or analyzed during this study are included in this published article and supplementary infor-
mation files.

Received: 1 November 2023; Accepted: 21 February 2024

References
	 1.	 Reumuth, G. et al. Carbon monoxide intoxication: What we know. Burns 45, 526–530. https://​doi.​org/​10.​1016/j.​burns.​2018.​07.​

006 (2019).
	 2.	 Liu, Z.-L., Bian, M. & Pang, L. LncRNA CRNDE deteriorates delayed encephalopathy after acute carbon monoxide poisoning to 

inactivate AKT/GSK3β/β-catenin pathway via miR-212-5p. Neurotox. Res. 40, 1208–1222. https://​doi.​org/​10.​1007/​s12640-​022-​
00518-2 (2022).

	 3.	 Xu, L. et al. Association between neuron-specific enolase gene polymorphism and delayed encephalopathy after acute carbon 
monoxide poisoning. Behav. Neurol. 2020, 1–8. https://​doi.​org/​10.​1155/​2020/​88192​10 (2020).

	 4.	 Xu, L. et al. Inhibition of ROCK2 kinase activity improved behavioral deficits and reduced neuron damage in a DEACMP rat 
model. Brain Res. Bull. 180, 24–30. https://​doi.​org/​10.​1016/j.​brain​resbu​ll.​2021.​12.​018 (2022).

	 5.	 Mishra, P., Ammanathan, V. & Manjithaya, R. Chemical biology strategies to study autophagy. Front. Cell Dev. Biol. https://​doi.​
org/​10.​3389/​fcell.​2018.​00160 (2018).

	 6.	 Fujikake, N., Shin, M. & Shimizu, S. Association between autophagy and neurodegenerative diseases. Front. Neurosci. https://​doi.​
org/​10.​3389/​fnins.​2018.​00255 (2018).

	 7.	 Mizushima, N., Levine, B., Cuervo, A. M. & Klionsky, D. J. Autophagy fights disease through cellular self-digestion. Nature 451, 
1069–1075. https://​doi.​org/​10.​1038/​natur​e06639 (2008).

	 8.	 Chen, X. et al. mTOR-mediated autophagy in the hippocampus is involved in perioperative neurocognitive disorders in diabetic 
rats. CNS Neurosci. Ther. 28, 540–553. https://​doi.​org/​10.​1111/​cns.​13762 (2021).

	 9.	 Tsang, C., Chow, S., Ho, E., Li, M.-X. & Weng, J.-W. Brain delivering RNA-based therapeutic strategies by targeting mTOR pathway 
for axon regeneration after central nervous system injury. Neural Regen. Res. https://​doi.​org/​10.​4103/​1673-​5374.​335830 (2022).

	10.	 Chen, X. et al. mTOR-mediated autophagy in the hippocampus is involved in perioperative neurocognitive disorders in diabetic 
rats. CNS Neurosci. Ther. 28, 540–553. https://​doi.​org/​10.​1111/​cns.​13762 (2022).

	11.	 Qiao, C.-M. et al. Sodium butyrate causes α-synuclein degradation by an Atg5-dependent and PI3K/Akt/mTOR-related autophagy 
pathway. Exp. Cell Res. https://​doi.​org/​10.​1016/j.​yexcr.​2019.​111772 (2020).

	12.	 Dong, Y. & Cui, C. The role of short-chain fatty acids in central nervous system diseases. Mol. Cell. Biochem. 477, 2595–2607. 
https://​doi.​org/​10.​1007/​s11010-​022-​04471-8 (2022).

	13.	 Yao, Y. et al. The role of short-chain fatty acids in immunity, inflammation and metabolism. Crit. Rev. Food Sci. Nutr. 62, 1–12. 
https://​doi.​org/​10.​1080/​10408​398.​2020.​18546​75 (2020).

	14.	 Kumar, R. et al. HDAC inhibition prevents hypobaric hypoxia-induced spatial memory impairment through PΙ3K/GSK3β/CREB 
pathway. J. Cell. Physiol. 236, 6754–6771. https://​doi.​org/​10.​1002/​jcp.​30337 (2021).

	15.	 Mohammadi-Farani, A., Limoee, M. & Shirooie, S. Sodium butyrate enhances fear extinction and rescues hippocampal acetyl-
cholinesterase activity in a rat model of posttraumatic stress disorder. Beh. Pharmacol. 32, 413–421. https://​doi.​org/​10.​1097/​fbp.​
00000​00000​000633 (2021).

https://doi.org/10.1016/j.burns.2018.07.006
https://doi.org/10.1016/j.burns.2018.07.006
https://doi.org/10.1007/s12640-022-00518-2
https://doi.org/10.1007/s12640-022-00518-2
https://doi.org/10.1155/2020/8819210
https://doi.org/10.1016/j.brainresbull.2021.12.018
https://doi.org/10.3389/fcell.2018.00160
https://doi.org/10.3389/fcell.2018.00160
https://doi.org/10.3389/fnins.2018.00255
https://doi.org/10.3389/fnins.2018.00255
https://doi.org/10.1038/nature06639
https://doi.org/10.1111/cns.13762
https://doi.org/10.4103/1673-5374.335830
https://doi.org/10.1111/cns.13762
https://doi.org/10.1016/j.yexcr.2019.111772
https://doi.org/10.1007/s11010-022-04471-8
https://doi.org/10.1080/10408398.2020.1854675
https://doi.org/10.1002/jcp.30337
https://doi.org/10.1097/fbp.0000000000000633
https://doi.org/10.1097/fbp.0000000000000633


14

Vol:.(1234567890)

Scientific Reports |         (2024) 14:4610  | https://doi.org/10.1038/s41598-024-55198-z

www.nature.com/scientificreports/

	16.	 Jiang, Y., Li, K., Li, X., Xu, L. & Yang, Z. Sodium butyrate ameliorates the impairment of synaptic plasticity by inhibiting the neu-
roinflammation in 5XFAD mice. Chem.-Biol. Interact. https://​doi.​org/​10.​1016/j.​cbi.​2021.​109452 (2021).

	17.	 Wu, Z. et al. HDAC1 disrupts the tricarboxylic acid (TCA) cycle through the deacetylation of Nur77 and promotes inflammation 
in ischemia-reperfusion mice. Cell Death Discov. 9, 10. https://​doi.​org/​10.​1038/​s41420-​023-​01308-1 (2023).

	18.	 Tsai, H. D. et al. Clinacanthus nutans protects cortical neurons against hypoxia-induced toxicity by downregulating HDAC1/6. 
Neuromol. Med. 18, 274–282. https://​doi.​org/​10.​1007/​s12017-​016-​8401-2 (2016).

	19.	 Li, C., Liang, M. L. & Zhang, X. G. Research progress on the mechanisms of delayed encephalopathy in acute carbon monoxide 
poisoning. Zhonghua lao dong wei sheng zhi ye bing za zhi = Zhonghua laodong weisheng zhiyebing zazhi= Chin. J. Ind. Hyg. Occup. 
Dis. 40, 543–546. https://​doi.​org/​10.​3760/​cma.j.​cn121​094-​20210​929-​00480 (2022).

	20.	 Blackstad, J. S., Osen, K. K. & Leergaard, T. B. The fibro- and cyto-architecture demarcating the border between the dentate gyrus 
and CA3 in sheep (Ovis aries) and domestic pig (Sus scrofa domesticus). Hippocampus 32, 639–659. https://​doi.​org/​10.​1002/​hipo.​
23457 (2022).

	21.	 Amtul, Z., Frías, C., Randhawa, J., Hill, D. J. & Arany, E. J. Spatial dynamics of vascular and biochemical injury in rat hippocampus 
following striatal injury and Aβ toxicity. Mol. Neurobiol. 56, 2714–2727. https://​doi.​org/​10.​1007/​s12035-​018-​1225-3 (2018).

	22.	 Vorhees, C. V. & Williams, M. T. Morris water maze: Procedures for assessing spatial and related forms of learning and memory. 
Nat. Protoc. 1, 848–858. https://​doi.​org/​10.​1038/​nprot.​2006.​116 (2006).

	23.	 Jurič, D. M., Finderle, Ž, Šuput, D. & Brvar, M. The effectiveness of oxygen therapy in carbon monoxide poisoning is pressure- and 
time-dependent: A study on cultured astrocytes. Toxicol. Lett. 233, 16–23. https://​doi.​org/​10.​1016/j.​toxlet.​2015.​01.​004 (2015).

	24.	 Zhou, X. et al. The neuroprotective effect of targeted regulation Nrf2 gene on injured brain caused by acute severe carbon monoxide 
poisoning in rats. Chin. J. Beh. Med. Brain Sci. 27, 870–876. https://​doi.​org/​10.​3760/​cma.j.​issn.​1674-​6554.​2018.​10.​002 (2018).

	25.	 Hess, D. R. Inhaled Carbon monoxide: From toxin to therapy. Respir. Care 62, 1333–1342. https://​doi.​org/​10.​4187/​respc​are.​05781 
(2017).

	26.	 Liu, Z. & Lenardo, M. J. Reactive oxygen species regulate autophagy through redox-sensitive proteases. Dev. Cell 12, 484–485. 
https://​doi.​org/​10.​1016/j.​devcel.​2007.​03.​016 (2007).

	27.	 Schaaf, M. B. E. et al. The autophagy associated gene, ULK1, promotes tolerance to chronic and acute hypoxia. Radiother. Oncol. 
108, 529–534. https://​doi.​org/​10.​1016/j.​radonc.​2013.​06.​015 (2013).

	28.	 Lane, J. D., Korolchuk, V. I., Murray, J. T., Zachari, M. & Ganley, I. G. The mammalian ULK1 complex and autophagy initiation. 
Essay. Biochem. 61, 585–596. https://​doi.​org/​10.​1042/​ebc20​170021 (2017).

	29.	 Hosokawa, N. et al. Nutrient-dependent mTORC1 association with the ULK1–Atg13–FIP200 Complex required for autophagy. 
Mol. Biol. Cell 20, 1981–1991. https://​doi.​org/​10.​1091/​mbc.​e08-​12-​1248 (2009).

	30.	 Jung, C. H. et al. ULK-Atg13-FIP200 complexes mediate mTOR signaling to the autophagy machinery. Mol. Biol. Cell 20, 1992–
2003. https://​doi.​org/​10.​1091/​mbc.​e08-​12-​1249 (2009).

	31.	 Alers, S., Löffler, A. S., Wesselborg, S. & Stork, B. Role of AMPK-mTOR-Ulk1/2 in the regulation of autophagy: Cross talk, shortcuts, 
and feedbacks. Mol. Cell. Biol. 32, 2–11. https://​doi.​org/​10.​1128/​mcb.​06159-​11 (2023).

	32.	 Arsham, A. M., Howell, J. J. & Simon, M. C. A novel hypoxia-inducible factor-independent hypoxic response regulating mam-
malian target of Rapamycin and its targets. J. Biol. Chem. 278, 29655–29660. https://​doi.​org/​10.​1074/​jbc.​M2127​70200 (2003).

	33.	 Russell, R. C. et al. ULK1 induces autophagy by phosphorylating Beclin-1 and activating VPS34 lipid kinase. Nat. Cell Biol. 15, 
741–750. https://​doi.​org/​10.​1038/​ncb27​57 (2013).

	34.	 Molejon, M. I., Ropolo, A., Re, A. L., Boggio, V. & Vaccaro, M. I. The VMP1-Beclin 1 interaction regulates autophagy induction. 
Sci. Rep. 3, 1055. https://​doi.​org/​10.​1038/​srep0​1055 (2013).

	35.	 Suzuki, K., Akioka, M., Kondo-Kakuta, C., Yamamoto, H. & Ohsumi, Y. Fine mapping of autophagy-related proteins during 
autophagosome formation in Saccharomyces cerevisiae. J. Cell Sci. https://​doi.​org/​10.​1242/​jcs.​122960 (2013).

	36.	 Xie, Z., Nair, U. & Klionsky, D. J. Atg8 controls phagophore expansion during autophagosome formation. Mol. Biol. Cell 19, 
3290–3298. https://​doi.​org/​10.​1091/​mbc.​e07-​12-​1292 (2008).

	37.	 Ohsumi, Y. Historical landmarks of autophagy research. Cell Res. 24, 9–23. https://​doi.​org/​10.​1038/​cr.​2013.​169 (2013).
	38.	 Kabeya, Y. et al. LC3, a mammalian homologue of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO 

J. 19, 5720–5728. https://​doi.​org/​10.​1093/​emboj/​19.​21.​5720 (2000).
	39.	 Lee, B. et al. USP13 deubiquitinates p62/SQSTM1 to induce autophagy and Nrf2 release for activating antioxidant response genes. 

Free Rad. Biol. Med. 208, 820–832. https://​doi.​org/​10.​1016/j.​freer​adbio​med.​2023.​09.​024 (2023).
	40.	 Mizushima, N. & Komatsu, M. Autophagy: Renovation of Cells and Tissues. Cell 147, 728–741. https://​doi.​org/​10.​1016/j.​cell.​2011.​

10.​026 (2011).
	41.	 Bjørkøy, G. et al. p62/SQSTM1 forms protein aggregates degraded by autophagy and has a protective effect on huntingtin-induced 

cell death. J. Cell Biol. 171, 603–614. https://​doi.​org/​10.​1083/​jcb.​20050​7002 (2005).
	42.	 Cao, W., Li, J., Yang, K. & Cao, D. An overview of autophagy: Mechanism, regulation and research progress. Bull. Cancer 108, 

304–322. https://​doi.​org/​10.​1016/j.​bulcan.​2020.​11.​004 (2021).
	43.	 Dong, Y. et al. Molecular machinery and interplay of apoptosis and autophagy in coronary heart disease. J. Mol. Cell. Cardiol. 136, 

27–41. https://​doi.​org/​10.​1016/j.​yjmcc.​2019.​09.​001 (2019).
	44.	 Takagi, H., Matsui, Y. & Sadoshima, J. The role of autophagy in mediating cell survival and death during ischemia and reperfusion 

in the heart. Antioxid. Redox Sign. 9(9), 1373–1382. https://​doi.​org/​10.​1089/​ars.​2007.​1689 (2007).
	45.	 Yang, Z. et al. P7C3-A20 treats traumatic brain injury in rats by inhibiting excessive autophagy and apoptosis. Neural Regen. Res. 

19, 1078–1083. https://​doi.​org/​10.​4103/​1673-​5374.​380910 (2024).
	46.	 Martinet, W., Knaapen, M. W. M., Kockx, M. M. & De Meyer, G. R. Y. Autophagy in cardiovascular disease. Trends Mol. Med. 13, 

482–491. https://​doi.​org/​10.​1016/j.​molmed.​2007.​08.​004 (2007).
	47.	 Tordera, R. M. & Cortés-Erice, M. Role of histone deacetylases in monocyte function in health and chronic inflammatory diseases. 

Rev. Physiol. Biochem. Pharmacol. https://​doi.​org/​10.​1007/​112_​2021_​59 (2021).
	48.	 Broide, R. S. et al. Distribution of histone deacetylases 1–11 in the rat brain. J. Mol. Neurosci.:MN 31, 47–58. https://​doi.​org/​10.​

1007/​bf026​86117 (2007).
	49.	 Yang, C. X. et al. The inhibitory effects of class I histone deacetylases on hippocampal neuroinflammatory regulation in aging 

mice with postoperative cognitive dysfunction. Eur. Rev. Med. Pharmacol. Sci. 24, 10194–10202. https://​doi.​org/​10.​26355/​eurrev_​
202010_​23240 (2020).

	50.	 Wang, J. et al. Long noncoding RNA H19 promotes neuroinflammation in ischemic stroke by driving histone deacetylase 1–depend-
ent m1 microglial polarization. Stroke 48, 2211–2221. https://​doi.​org/​10.​1161/​strok​eaha.​117.​017387 (2017).

	51.	 Kannan, V. et al. Histone deacetylase inhibitors suppress immune activation in primary mouse microglia. J. Neurosci. Res. 91, 
1133–1142. https://​doi.​org/​10.​1002/​jnr.​23221 (2013).

	52.	 Ochi, S. et al. The nicotinic cholinergic system is affected in rats with delayed carbon monoxide encephalopathy. Neurosci. Lett. 
569, 33–37. https://​doi.​org/​10.​1016/j.​neulet.​2014.​03.​054 (2014).

	53.	 Peng, Z.-R., Huang, Y.-Q., Huang, F.-L. & Yang, A. L. Mechanism of delayed encephalopathy after acute carbon monoxide poison-
ing. Neural Regen. Res. https://​doi.​org/​10.​4103/​1673-​5374.​284995 (2020).

	54.	 Stilling, R. M. et al. The neuropharmacology of butyrate: The bread and butter of the microbiota-gut-brain axis?. Neurochem. Int. 
99, 110–132. https://​doi.​org/​10.​1016/j.​neuint.​2016.​06.​011 (2016).

https://doi.org/10.1016/j.cbi.2021.109452
https://doi.org/10.1038/s41420-023-01308-1
https://doi.org/10.1007/s12017-016-8401-2
https://doi.org/10.3760/cma.j.cn121094-20210929-00480
https://doi.org/10.1002/hipo.23457
https://doi.org/10.1002/hipo.23457
https://doi.org/10.1007/s12035-018-1225-3
https://doi.org/10.1038/nprot.2006.116
https://doi.org/10.1016/j.toxlet.2015.01.004
https://doi.org/10.3760/cma.j.issn.1674-6554.2018.10.002
https://doi.org/10.4187/respcare.05781
https://doi.org/10.1016/j.devcel.2007.03.016
https://doi.org/10.1016/j.radonc.2013.06.015
https://doi.org/10.1042/ebc20170021
https://doi.org/10.1091/mbc.e08-12-1248
https://doi.org/10.1091/mbc.e08-12-1249
https://doi.org/10.1128/mcb.06159-11
https://doi.org/10.1074/jbc.M212770200
https://doi.org/10.1038/ncb2757
https://doi.org/10.1038/srep01055
https://doi.org/10.1242/jcs.122960
https://doi.org/10.1091/mbc.e07-12-1292
https://doi.org/10.1038/cr.2013.169
https://doi.org/10.1093/emboj/19.21.5720
https://doi.org/10.1016/j.freeradbiomed.2023.09.024
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1016/j.cell.2011.10.026
https://doi.org/10.1083/jcb.200507002
https://doi.org/10.1016/j.bulcan.2020.11.004
https://doi.org/10.1016/j.yjmcc.2019.09.001
https://doi.org/10.1089/ars.2007.1689
https://doi.org/10.4103/1673-5374.380910
https://doi.org/10.1016/j.molmed.2007.08.004
https://doi.org/10.1007/112_2021_59
https://doi.org/10.1007/bf02686117
https://doi.org/10.1007/bf02686117
https://doi.org/10.26355/eurrev_202010_23240
https://doi.org/10.26355/eurrev_202010_23240
https://doi.org/10.1161/strokeaha.117.017387
https://doi.org/10.1002/jnr.23221
https://doi.org/10.1016/j.neulet.2014.03.054
https://doi.org/10.4103/1673-5374.284995
https://doi.org/10.1016/j.neuint.2016.06.011


15

Vol.:(0123456789)

Scientific Reports |         (2024) 14:4610  | https://doi.org/10.1038/s41598-024-55198-z

www.nature.com/scientificreports/

	55.	 Zhang, H., Fang, H., Wang, Y., Xu, J. & Chen, C. Mechanisms of sodium butyrate inhibition of microglia inflammatory activation in 
hippocampus via Toll-like receptor 4/nuclear factor-κB p65 pathway. Zhonghua wei zhong bing ji jiu yi xue 33, 1471–1478. https://​
doi.​org/​10.​3760/​cma.j.​cn121​430-​20211​105-​01647 (2021).

Acknowledgements
We are grateful to the Institute of Neurology of North Sichuan Medical College for providing a behavioral experi-
mental platform. We thank Jie Li, Wentao Tan, and Dan Yang for animal experiment.

Author contributions
J.W. and S.P.L. designed the experiments, J.W., XY.S., Q.X. and J.H performed the experiments, J.L. and XL.Z. 
managed the literature searches and analyzed the results. J.W., J.L, and XL.Z wrote the protocol. All authors 
reviewed the manuscript the manuscript.

Funding
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-
profit sectors.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​024-​55198-z.

Correspondence and requests for materials should be addressed to S.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note  Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access   This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2024

https://doi.org/10.3760/cma.j.cn121430-20211105-01647
https://doi.org/10.3760/cma.j.cn121430-20211105-01647
https://doi.org/10.1038/s41598-024-55198-z
https://doi.org/10.1038/s41598-024-55198-z
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Sodium butyrate exerts a neuroprotective effect in rats with acute carbon monoxide poisoning by activating autophagy through the mTOR signaling pathway
	Results
	Manifestations of acute CO poisoning
	Carboxyhemoglobin levels following CO exposure
	Sodium butyrate treatment attenuated CO-induced spatial memory impairment
	Sodium butyrate reduced the expression of HDAC1 in rats after CO exposure
	Sodium butyrate increased the expression of the autophagy-related proteins and reduced apoptosis protein expression
	Sodium butyrate inhibited the mTOR signaling pathway
	Pathological changes in the hippocampi of the rats in the three groups
	Hematoxylin and eosin staining
	Nissl staining
	Immunochemical and TUNEL Staining
	Transmission electron microscopy (TEM)


	Discussion
	Materials and methods
	Experimental animals
	Reagents
	Basic training and screening using the Morris water maze test
	Establishment of the animal model
	Experimental groups
	Carboxyhemoglobin assessment
	Sodium butyrate intervention
	Morris water maze test
	Tissue sample collection
	Western blot assay
	Hematoxylin and eosin staining
	Nissl staining (toluidine blue staining)
	Immunochemical and TUNEL staining
	Transmission electron microscope (TEM)
	Statistical analysis

	References
	Acknowledgements


