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Isoflurane preconditioning protects against renal ischemia/reperfusion injury 
in diabetes via activation of the Brg1/Nrf2/HO-1 signaling pathway
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ABSTRACT

Purpose: To examine whether isoflurane preconditioning (IsoP) has a protective effect against renal ischemia/reperfusion injury  
(I/RI) in diabetic conditions and to further clarify the underlying mechanisms. Methods: Control and streptozotocin-induced 
diabetic rats were randomly assigned to five groups, as follows: normal sham, normal I/R, diabetic sham, diabetic I/R, and diabetic 
I/R + isoflurane. Renal I/RI was induced by clamping renal pedicle for 45 min followed by reperfusion for 24 h. IsoP was achieved 
by exposing the rats to 2% isoflurane for 30 min before vascular occlusion. Kidneys and blood were collected after reperfusion 
for further analysis. Renal histology, blood urea nitrogen, serum creatinine, oxidative stress, inflammatory cytokines, and renal cell 
apoptosis were assessed. Furthermore, the expression of brahma related gene 1 (Brg1), nuclear factor-erythroid 2-related factor 
2 (Nrf2), heme oxygenase-1 (HO-1), and nuclear factor-κB (NF-κB) were determined. Results: Compared with control, diabetic rats 
undergoing I/R presented more severe renal injury, oxidative stress, inflammatory reaction, and apoptosis with the impairment of 
Brg1/Nrf2/HO-1 signaling. All these alterations were significantly attenuated by pretreatment with isoflurane. Conclusion: These 
findings suggest that isoflurane could alleviate renal I/RI in diabetes, possibly through improving Brg1/Nrf2/HO-1 signaling.
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Introduction

Ischemia/reperfusion (I/R) injury is defined as tissue damage resulting from blood flow restoration to the tissue following 
a period of ischemia. Renal I/R injury (RI/RI) is a major cause of acute postoperative renal dysfunction and renal failure, 
which can occur in many clinical settings, including kidney transplantation and partial nephrectomy, leading to a series of 
complications, such as delayed graft function, graft rejection, and acute kidney injury1,2. The underlying mechanisms of RI/RI 
have bene widely studied, and oxidative stress and the inflammatory response have been reported to be crucial in the initiation 
of RI/RI. However, no effective means are currently available to prevent RI/RI. Diabetes mellitus is the leading cause of chronic 
kidney disease in most developed countries3. Clinically, patients suffering from RI/RI have a poor prognosis in terms of serious 
morbidity and mortality. Furthermore, animal model experiments have confirmed that diabetic rats are more susceptible to 
RI/RI than normal rats4,5; therefore, it is of great clinical significance to prevent RI/RI in patients with diabetes.

Isoflurane is a halogenated inhalational anesthetic commonly used in clinical practice. Previous studies have revealed that, 
in addition to its anesthetic effect, isoflurane exerts a protective role during I/R injury in some tissues and organs including 
the brain6, heart7, lung8, and liver9. Furthermore, isoflurane has been reported to ameliorate RI/RI in a preconditioning 
manner via anti-inflammation and anti-apoptosis effects10. Furthermore, research has shown that isoflurane preconditioning 
(IsoP) has a protective effect in RI/RI, which is mediated in part through the reduction in oxidative stress11; however, the 
mechanisms by which IsoP protects against RI/RI in diabetes remain unknown.
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Brahma-related gene 1 (Brg1) is a core catalytic subunit of the SWI/SNF chromatin-remodeling complex and plays a key 
role in gene activation and transcription in mammalian cells12. An increasing number of studies have reported that Brg1 
interacts with a variety of nuclear proteins, including transcription factors, nuclear receptors, and chromatin-modifying 
enzymes, and is involved in multiple biological processes, such as cell proliferation, differentiation, and apoptosis13–16. 
Interestingly, Brg1 has been showed to counteract hepatic I/R injury and neuronal hypoxia/reoxygenation injury through 
the suppression of oxidative stress and apoptosis17,18. Furthermore, a previous study has demonstrated that Brg1 facilitates 
Z-DNA formation and the subsequent recruitment of RNA polymerase II, which is critical in nuclear factor-erythroid 
2-related factor 2 (Nrf2) activation and its downstream antioxidant gene expression19. However, whether Brg1 is involved 
in the regulation of RI/RI and oxidative stress remains unclear.

Considering the rapidly increasing incidence of diabetes, further research is required to explore effective interventions 
against RI/RI in patients with diabetes. By establishing an RI/RI model in streptozotocin (STZ)-induced diabetic rats, we 
attempted to test the following hypothesis: IsoP reduces oxidative stress, inflammation, and apoptosis via activation of the 
Brg1/Nrf2 signaling pathway in the context of diabetes, thereby mitigating RI/RI.

Methods

Animals and induction of diabetes

Male Sprague-Dawley rats, weighing 180–200 g, were purchased from the Experimental Animal Center of China Three 
Gorges University (Yichang, China). The animal study protocol was approved by the Animal Experiment Ethics Committee 
of China Three Gorges University, and the procedures were performed in adherence with the Guidelines of the Care and 
Use of Laboratory Animals. All rats were housed in a temperature and humidity-controlled environment (22–24°C; relative 
humidity 50–70%) with a 12 h light/dark cycle and free access to food and water. 

Rats were randomly divided into the following five groups (n = 8 per group): 
•	 Normal sham-operated group (NS); 
•	 Normal I/R group (NI/R); 
•	 Diabetic sham-operated group (DS); 
•	 Diabetic I/R group (DI/R); 
•	 IsoP + diabetic I/R group (Iso + DI/R). 

Diabetes was induced via intraperitoneal injection of STZ (Sigma–Aldrich, St. Louis, MO, United States of America) 
solution dissolved in citrate buffer (0.1 mM, pH 4.5) at a single dose of 65 mg/kg, as described previously20. The control rats 
were administered an equal volume of citrate buffer via intraperitoneal injection. Three days after STZ administration, tail 
vein blood was collected to check the glycemic level with a glucometer (Terumo, Tokyo, Japan). Only rats with a random 
blood sugar concentration > 16.7 mM for three consecutive measurements were considered to be diabetic. All animals 
were provided with a plentiful normal diet and water ad libitum and raised for another eight weeks before renal surgery.

Isoflurane preconditioning and renal ischemia/reperfusion injury

Rats were placed in the induction chamber of a portable anesthesia instrument (cat. no. AS-01-0007; Summit Anesthesia 
Solutions, Bend, OR, United States of America) before undergoing RI/RI. 

Once the isoflurane (Lunan Better Pharmaceutical Co., Ltd., Shandong, China) concentration was stabilized at 2% 
(airflow: 1 L/min), rats in the Iso + DI/R group were allowed to inhale isoflurane for 30 min, followed by 15 min of discharge 
before RI/RI. Rats in other groups inhaled only 100% oxygen for 30 min. 

Body weight and blood glucose were measured before the I/R operation. Animals were anesthetized by intraperitoneal 
injection of pentobarbital sodium (60 mg/kg) and then subjected to an abdominal midline incision. After kidney exposure, 
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right nephrectomy was performed, and the left renal pedicle was clamped for 45 min using a non-trauma vascular clamp, 
which was followed by a clamp removal for 24 h of reperfusion. The same procedure was performed in sham-operated animals 
without renal pedicle occlusion. All rats were sacrificed by cervical dislocation after 24 h of reperfusion. Plasma samples were 
harvested for renal function tests. The left kidney was removed and split coronally into two pieces for subsequent analyses. 
One piece was fixed in 10% phosphate-buffered formalin, and the other was immediately stored at -80ºC.

Histopathological examination

After embedding in paraffin, 4-μm-thick sections were prepared for hematoxylin and eosin (H&E) staining. Morphological 
changes were observed in a blinded manner by two experienced renal pathologists. The degree of tubular damage was 
histologically graded from 0 to 4, according to the following criteria21: 
•	 0: no obvious tubular necrosis; 
•	 1: individual proximal convoluted tubule cell necrosis; 
•	 2: necrosis involving all the adjacent proximal convoluted tubule cells with survival of the surrounding renal tubules; 
•	 3: necrosis limited to the distal third of the proximal convoluted tubule with the inner cortex affected; 
•	 4: necrosis spreading to all three proximal convoluted tubule segments. 

Ten separate fields were randomly selected for each slide to calculate the tubular injury score using an optical microscope 
(magnification, ×400, Olympus Corporation, Tokyo, Japan).

Assessment of renal function

Whole blood was centrifuged at 2,000 × g for 15 min at 4°C to obtain serum. Blood urea nitrogen (BUN) and serum 
creatinine (Scr) were measured using an automatic biochemistry analyzer (Hitachi 7060, Tokyo, Japan).

Superoxide dismutase and malondialdehyde measurement

Superoxide dismutase (SOD) is an important enzyme in oxidative stress, and malondialdehyde (MDA) is a terminal 
product of lipid peroxidation. The washed kidney tissues were cut into fragments and homogenized on ice with a glass 
homogenizer. The homogenates were centrifuged at 12,000 × g for 10 min, and the supernatants were collected. The MDA 
content and SOD activity in renal tissues were measured using commercial assays (Jiancheng Bioengineering Institute, 
Nanjing, China), according to the manufacturer’s protocols.

Enzyme-linked immunosorbent assay 

The levels of tumor necrosis factor (TNF)-α and interleukin (IL)-1β in the homogenized renal tissues were determined by 
commercial enzyme-linked immunosorbent assay (ELISA) (Elabscience Biotechnology Co., Ltd, Wuhan, China), according 
to the manufacturer’s instructions. The plate was read at 450 nm.

Terminal deoxynucleotidyl-transferase-mediated dUTP nick-end labeling 

Kidney tissue apoptosis was detected with an In Situ Cell Death Detection Kit (Roche Diagnostics GmbH, Mannheim, 
Germany), according to the manufacturer’s instruction. Briefly, 4-μm-thick paraffin-embedded sections underwent routine 
deparaffinization and rehydration, followed by treatment with proteinase K solution (20 μg/mL) at 37°C for 15 min. Subsequently, 
the slides were washed with phosphate buffered saline (PBS) followed by the addition of the terminal deoxynucleotidyl-
transferase-mediated dUTP nick-end labeling (TUNEL) reaction mixture for 60 min at 37°C. Sections were then washed with 
PBS, and the cell nuclei were displayed after staining with 4’,6-diamidino-2-phenylindole (DAPI) in the dark. Finally, sections 
were analyzed, and the apoptosis index was calculated from five random fields per section according Eq. 1.

					     Apoptotic cells/Total cells × 100%	�  (1)
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Western blotting

Cytosolic and nuclear proteins were extracted from renal tissues using a Nuclear and Cytoplasmic Protein Extraction Kit 
(NanJing KeyGen Biotech Co., Ltd., Nanjing, China), according to the manufacturer’s protocol. The protein concentration was 
determined by the bicinchoninic acid (BCA) method. Equal amounts of protein (40 μg/lane) were separated by 10% sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene fluoride (PVDF) membranes. 
Each membrane was blocked with tris buffered saline with tween (TBST) containing 5% non-fat milk at room temperature 
for 1 h. Subsequently, membranes were incubated overnight at 4ºC with primary antibodies against Brg1 (cat. no. ab207612; 
1:1,000; Abcam, Cambridge, United Kingdom), Nrf2 (cat. no. 80593-1-RR; 1:1,000), heme oxygenase-1 (HO-1; cat. no. 10701-
1-AP; 1:1,000), B-cell lymphoma-2 (Bcl-2; cat. no. 12789-1-AP; 1:1,000), Bcl-2-associated X protein (Bax; cat. no. 50599-2-IG; 
1:1,000), lamin B (cat. no. 66095-1-IG; 1:5,000), β-actin (cat. no. 66009-1-IG; 1:5,000; all Proteintech Group, Inc., Rosemont, 
IL, United States of America), nuclear factor-κB (NF-κB) p65 (cat. no. #8242; 1:1,000), and cleaved caspase-3 (cat. no. #9664; 
1:1,000; all Cell Signaling Technology, Danvers, MA, United States of America), followed by incubation with a secondary goat-
anti-mouse or goat-anti-rabbit horseradish peroxidase-conjugated antibody (both 1:5,000) at room temperature for 1 h. Bands 
were visualized using the equivalent mixture of enhanced luminol reagents and oxidizing reagents (Thermo Fisher Scientific), 
and band densities were quantitated using Glyko BandScan gel analysis software (Glyko, Novato, CA, United States of America). 

Statistical analysis

Data were expressed as mean ± standard deviation (SD). One-way analysis of variance was used to determine significant 
differences among the five groups. Differences between two groups were analyzed using the Student–Newman–Keuls’ test.  
p < 0.05 was considered significantly different. All statistical analyses were performed using GraphPad Prism software 
version 7.0 (GraphPad Software, Inc., San Diego, CA, United States of America).

Results

Characteristics of diabetic and control rats

As shown in Table 1, eight weeks after STZ administration, diabetic rats displayed typical diabetic features including 
hyperglycemia, weight loss, polydipsia, and polyphagia. Compared with normal rats, the blood sugar level in diabetic rats 
was significantly increased, and their body weight was remarkably reduced.

Table 1 – General characteristics of normal and diabetic rats after eight weeks*.

Characteristics NS
(n = 8)

NI/R 
(n = 8)

DS 
(n = 8)

DI/R 
(n = 8)

Iso + DI/R 
(n = 8)

Random glycemic level (mM) 6.5 ± 0.6 5.9 ± 0.8 22.6 ± 1.5* 23.6 ± 2.2* 23.2 ± 2.0*
Body weight (g) 427.6 ± 8.4 435.1 ± 7.6 290.2 ± 9.8* 301.1 ± 10.5* 292.5 ± 10.1*

*The data are expressed as mean ± standard deviation; NS: normal sham-operated group; NI/R: normal ischemia/reperfusion (I/R) group; DS: diabetic 
sham-operated group; DI/R: diabetic I/R group; Iso: isoflurane; **p < 0.05 versus NS group and NI/R group. Source: Elaborated by the authors.

Isoflurane preconditioning alleviates renal ischemia/reperfusion injury in diabetic rats

The degree of renal tubular damage in each group is shown in Figs. 1a and 1b. Tubular dilatation, loss of the brush 
border, cast formation, and cell lysis were the histopathological changes observed in the kidney tubules following RI/RI. 
Kidneys in the diabetic group exhibited more serious tubular damage (p < 0.05). The trends in the BUN and Scr levels 
were consistent with the morphological findings (Figs. 1c and 1d). However, IsoP prevented RI/RI in diabetic rats, as 
demonstrated by an obvious decrease in microscopic damage scores and BUN and Scr levels compared with the DI/R 
group (p < 0.05). 

https://creativecommons.org/licenses/by/4.0/deed.en


5Acta Cir Bras. V39 . e396124 . 2024

Gong D et al.

5
4
3
2
1
0Tu

bu
la

r i
nj

ur
y 

 
sc

or
e

Sc
r (

μM
)

BU
N

 (m
M

)

(a)

(b) (d)(c)
NS

NS NSNS

NI/R

NI/R NI/RNI/R

DI/R

DI/R DI/RDI/R

Iso + DI/R

Iso
 + D

I/R

Iso
 + D

I/R

Iso
 + D

I/R

DS

DS DSDS

*

*

*

#●
#●

#●

●▲ ●▲●▲

80
60
40
20

0

250
200
150
100

50
0

NS: normal sham-operated group; NI/R: normal I/R group; DS: diabetic sham-operated group; DI/R: diabetic I/R group; Iso: isoflurane; BUN: blood 
urea nitrogen; Scr: serum creatinine; *p < 0.05 versus NS group; #p < 0.05 versus NI/R group; ●p < 0.05 versus DS group; ▲p < 0.05 versus DI/R group. 
Source: Elaborated by the authors.

Figure 1 – Renal ischemia/reperfusion (I/R) injury after 45 min of ischemia followed by 24 h of reperfusion. (a) Representative 
photomicrographs of renal tissues (magnification, ×400). (b) Renal injury score. (c) Serum BUN concentration. (d) Serum 
Scr concentration. The data are expressed as mean ± standard deviation. 

Isoflurane preconditioning alleviates renal ischemia/reperfusion injury-induced oxidative stress and 
inflammation in diabetic rats 

As shown in Figs. 2a and 2b, we observed a significant decrease in SOD activity combined with a significant increase in 
the MDA content in the NI/R and DI/R groups, as compared to the NS and DS groups, respectively (p < 0.05). The oxidative 
abnormalities were further aggravated in the DI/R group compared to the NI/R group (p < 0.05). In addition, I/R induced 
significant increases in the levels of TNF-α and IL-1β in both normal and diabetic rats, with the most remarkable increase 
observed in the DI/R group (Figs. 2c and 2d, p < 0.05). However, IsoP relieved oxidative abnormalities, as indicated by a 
significant increase in SOD activity and a decrease in the MDA content compared to the DI/R group (p < 0.05). Meanwhile, 
IsoP reduced TNF-α and IL-1β levels compared to the DI/R group (p < 0.05).  
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Figure 2 – Levels of oxidative stress and inflammation in renal tissues. (a) MDA concentration. (b) SOD activity. (c) 
TNF-α level. (d) IL-1β level. 

Isoflurane preconditioning inhibits renal ischemia/reperfusion injury-induced apoptosis in diabetic rats

The TUNEL assay was performed to estimate apoptosis in renal tubular epithelial cells (Figs. 3a and 3b). The number of TUNEL-
positive (apoptotic) cells significantly increased after I/R in both the normal and diabetic groups, with the most significant increase 
observed in the DI/R group (p < 0.05). Apoptosis-related protein expression in renal tissues was detected by western blotting 
(Figs. 4a–4d). Bax and cleaved caspase-3 levels increased after I/R in both the normal and diabetic rats, while the greatest increase 
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in both proteins was observed in the DI/R group (p < 0.05). Bcl-2 expression was decreased in both the NI/R and DI/R groups 
compared to their corresponding sham groups, while decreased Bcl-2 expression in the DI/R group was the most remarkable 
(p < 0.05). However, compared to the DI/R group, IsoP significantly reduced apoptosis (p < 0.05). Consistently, IsoP markedly 
decreased the expression of Bax and cleaved caspase-3, and increased Bcl-2 expression, compared to the DI/R group (p < 0.05).
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Figure 3 – Renal cell apoptosis detected by TUNEL staining. (a) Representative fluorescence microscopy images 
(magnification, ×400) and (b) quantitative analysis of TUNEL staining. 
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Figure 4 – Kidney protein expression of Bax, cleaved caspase-3, Bcl-2, Brg1, Nrf2, HO-1 and NF-κB after renal ischemia/reperfusion 
injury detected by western blotting. (a) Representative western blotting and (b–h) quantitation of western blotting data. 
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Isoflurane preconditioning activates the Brg1/Nrf2/HO-1 pathway after ischemia/reperfusion 
stimulation in diabetic rats

As shown in Figs. 4a and 4e–4h, Brg1 expression was lower in both the DS and DI/R group compared to their corresponding 
control groups (NS group and NI/R group), respectively (p < 0.05). Likewise, although the nuclear level of Nrf2 was higher 
in the DS group compared to the NS group (p < 0.05), HO-1 expression levels were similar between the NS and DS groups 
(p > 0.05). After I/R stimulation, with the further increase of nuclear NF-κB levels, the expression of both Nrf2 and HO-1 
was unchanged in the DI/R group compared to the DS group (p > 0.05). However, IsoP elevated the levels of Brg1 and Nrf2, 
as well as the downstream HO-1 expression, compared with the DI/R group (p < 0.05). Furthermore, IsoP significantly 
inhibited the increase in NF-κB in diabetic rats undergoing RI/RI compared to the DI/R group (p < 0.05).

Discussion

Our results in an STZ-induced diabetic rat model demonstrate that IsoP prior to I/R can significantly alleviate renal 
injury in terms of histological improvements, decreased BUN and Scr concentrations, and reduced tubular cells apoptosis. 
Furthermore, IsoP can enhance the antioxidant capacity and modulate the inflammatory response through activation of 
the Brg1/Nrf2/HO-1 signaling pathway after RI/RI, even in the setting of hyperglycemia.

At present, there are few studies on RI/RI in diabetic rats, both at home and abroad. Previous studies have shown that 
the mechanism of RI/RI involves many factors; however, the mechanism is not completely clear, although may be closely 
related to the production of excessive oxygen free radicals, intracellular calcium overload, mitochondrial dysfunction, and 
inflammation22,23. Various inflammatory mediators generated during I/R injury may interact with apoptosis, thereby gradually 
amplifying the apoptotic signal transduction pathway, thus making the mechanism of RI/RI more complex. 

A previous study revealed that diabetic rats undergoing renal I/R have higher levels of apoptosis, BUN, and Scr, and 
that the increased susceptibility to I/R in diabetic rats may correlate to the overexpression of inflammatory factors5. Recent 
studies have shown that the increased diabetic kidney I/R sensitivity is also related to oxidative stress20,24. Consistent with this, 
we found that, compared to the NI/R group, the DI/R group had higher BUN and Scr levels and renal tubular pathological 
scores. In addition, the SOD activity was decreased in both the NI/R and DI/R groups, especially in the DI/R group, and the 
MDA content was increased in both the NI/R and DI/R groups, especially in the DI/R group. Furthermore, compared to 
the NI/R group, the expression of TNF-α and IL-1β was increased, as were the levels of cell apoptosis, in the renal tissues of 
diabetic rats undergoing I/R. These results indicate that diabetes exacerbates RI/RI through the enhancement of oxidative 
stress, the inflammatory response, and apoptosis following the I/R insult.

Nrf2 is a key redox-sensitive transcription factor that mainly promotes the expression of antioxidant genes, including 
HO-1, and resists oxidative damage25–27. Normally, Nrf2 is anchored in the cytoplasm by Kelch-like ECH-associated 
protein 1 (KEAP1) and is degraded through ubiquitination28. When oxidative stress occurs, Nrf2 dissociates from KEAP1, 
enters the nucleus, and binds to the antioxidant response element (ARE). Brg1, which is a key component of the SWI/SNF 
chromatin-remodeling complex, directly mediates structural changes in chromatin to facilitate transcription factors binding 
to DNA, promoting gene transcription29. Zhang et al.19 have revealed that Brg1 contributes to the formation of Z-DNA 
and the recruitment of RNA polymerase II, which is crucial for Nrf2-mediated induction of HO-1 expression. In addition, 
Brg1 has been reported to inhibit oxidative stress and protect against hepatic and cerebral I/R injury via activation of the 
Nrf2-mediated antioxidant reaction17,18. However, the Brg1/Nrf2 signaling-mediated protective effect against myocardial 
I/R injury is blocked under a high glucose environment29,30. Our previous research has confirmed that impairment of the 
Nrf2 antioxidant capacity is responsible for the aggravation of RI/RI in diabetes20. In this study, we further confirmed that 
the reduction of Nrf2 activity in the renal tissue of diabetic rats is associated with the inhibition of Brg1 expression, which 
is consistent with the mentioned studies. This suggests that increased susceptibility to RI/RI in diabetic rats is relevant to 
the suppression of Brg1/Nrf2/HO-1 signaling in the kidney.

https://creativecommons.org/licenses/by/4.0/deed.en


8 Acta Cir Bras. V39 . e396124 . 2024

Isoflurane preconditioning protects against renal ischemia/reperfusion injury in diabetes via activation of the Brg1/Nrf2/HO-1 signaling pathway

Isoflurane is an inhaled anesthetic, which is commonly applied for the induction and maintenance of general anesthesia. 
In addition to its anesthetic effect, isoflurane exerts organ-protective effects against I/R injury. Liang et al.10 demonstrated that 
IsoP can protect against RI/RI through the inhibition of NF-κB-mediated inflammation and a decrease in tubular apoptosis 
in rats. Previous studies have shown that isoflurane can dilate coronary arteries and produce coronary steal, leading to 
myocardial ischemia. However, these studies have shortcomings, such as insufficient number of patients studied and lack 
of hemodynamic control during the study period. Leung et al.31 demonstrated that anesthetics, including isoflurane, may 
have a protective effect on the myocardium at risk under strict hemodynamic control. Ran et al.32 have shown that IsoP can 
inhibit the expression of TNF-α and capase-3 in the rabbit myocardium, thus playing a protective role in rabbit myocardial 
I/R injury. Isoflurane also has a protective effect on intestinal I/R injury, mainly through the activation of PPAR-γ, which 
further inhibits the expression of TNF-α and other inflammatory factors33. The application of isoflurane anesthesia can 
suppress TNF-α-related inflammatory cytokines and oxidative stress in a rat liver I/R injury, thereby protecting the liver 
from I/R damage34. Hyperglycemia not only exacerbates I/R injury, but it also eliminates or weakens the protective effect of 
various interventions on organs after I/R. Wang et al.35 established a rat model of acute hyperglycemia via intraperitoneal 
injection of 25% glucose 45 min before renal ischemia. Their study found that hyperglycemia not only aggravated RI/RI, but 
also eliminated the protective effect of dexmedetomidine pretreatment on renal tissue in rats35. Gao et al.29 demonstrated 
that ischemic post-conditioning with sevoflurane was effective in preventing myocardial I/R injury in normal rats, but 
not in diabetic rats, which may be associated with the impaired Nrf2/HO-1 signaling pathway in the myocardial cells of 
diabetic rats. Both in-vitro and in-vivo experiments have shown that isoflurane lost its protective effects on the heart during 
cardiac I/R injury under a high glucose environment, which may be associated with inhibition of Nrf2 signaling30. However, 
Zhang et al.5 revealed that sevoflurane protected the kidney against I/R injury through the reduction in the expression of 
NF-κB and TNF-α in the renal tissues of diabetic rats. In this study, we found that IsoP can improve renal function, mitigate 
renal tubular damage and apoptosis, and reduce oxidative stress and inflammation in diabetic rats subjected to I/R, which 
is accompanied by a decreased NF-κB level and the increased expression of Brg1, Nrf2, and HO-1. Taken together, these 
results suggest that IsoP can alleviate RI/RI via enhancing the antioxidant power of the Brg1/Nrf2/HO-1 signaling pathway 
under high glucose conditions.

The medication modes of inhaled anesthetics in surgery related to RI/RI are divided into pre-administration, total 
administration and post-administration, all of which can achieve the renal protective effect of isoflurane. With the development 
of anesthesiology in recent years, pre-treatment administration has been increasingly used in clinical anesthesia, especially 
for renal failure patients, due to its advantages of achieving the expected anesthetic effect at a lower dose, preventing drug 
accumulation and improving patient comfort. In our study, we examined only a single concentration (2%, a dose within the 
range of clinical use) for a single duration (30 min) of isoflurane preconditioning. Therefore, whether the renal protective 
effect of isoflurane is dose-dependent and time-dependent, it cannot be determined from this study, which requires further 
research in the future.

Conclusion

Our study provides evidence that isoflurane can exert a renoprotective effect against I/R-induced kidney damage in 
diabetic rats through the activation of Brg1/Nrf2/HO-1 signaling. Therefore, isoflurane could be regarded as a potential 
therapeutic agent to relieve RI/RI in patients with diabetes.
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