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Abstract: Background: Hepatic ischemia reperfusion injury (IRI) takes place in clinical cases like liver 

transplantation and resection. Hepatic IRI is mediated by induction of oxidative stress and inflammation. 

Hepatic IRI results in remote organ injury. Acute kidney injury (AKI) is common and increases mortality and 

morbidity. Extensive experimentations showed that celastrol (CEL) has therapeutic characteristics in curing the 

inflammatory disorders and kidney disorders. Objective: The current study pointed to estimate the potential 

protective effect of CEL against hepatic IRI-induced AKI, and identify the uderlying mechanisms. Materials 

and methods: CEL (4mg/kg, IP, once) was given to rats. After 1 hour rats liver was exposed to 90 min ischemia 

then 4 hrs of reperfusion (90/4 I/R). At the end of surgery kidney tissue and blood were collected to evaluate 

the AKI. Results: Results revealed that compared to I/R group, CEL protected group provided reduction in 

renal injury. This was confirmed by a remarkable cutdown in BUN, Cr levels in sera and amended 

histopathological results. Renal protection obtained by CEL was driven by increasing Nrf2, HO-1, TAC content 

and decreasing MDA content. Furthermore, CEL protection significantly reduced the inflammatory markers 

(NF-κB, NLRP3, CASP1, IL-1β, HSP90 and HSF-1) and neutrophilic infiltration assessed as MPO. 

Conclusion: Reno-protection by CEL might be resulted from its anti-inflammatory and antioxidant properties 

mediated by (Nrf2/HO-1), (NF-κB/NLRP3) inflammasome, and (HSP90/HSF-1) pathways. Thereby, CEL 

therapy could be a possible strategy to improve the clinical outcomes of liver surgery. 
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1. INTRODUCTION  

Ischemia/reperfusion injury (IRI) is a tissue 

damage produced by blood flow prevention then 

reperfusion, during which many mediators are 

released leading to cellular then organ dysfunction (1). 

Liver known as one of the most affected organs (2). 

This insult is a serious reason for liver damage which 

happens in many surgeries like liver resection or 

transplantation. It is considered as the basic reason 

for graft dysfunction after transplantation. Hepatic 

IRI is mediated mainly by the formation of reactive 

oxygen species (ROS) in addition to inflammatory 

cytokines (1). 

This insult is frequently causes acute liver 

failure (ALF) which is a popular complication 

following hepatic resection and transplantation (3). 

Acute kidney injury (AKI) takes place subsequently 

in patients have ALF, it poses a major problem post-

operatively which increases the morbidity and 

mortality (4). 

The mechanism of renal dysfunction after liver 

IRI begins with portal hypertension due to portal vein 

occlusion. This produces splanchnic vasodilation (5), 

hypotension and activates the renin-angiotensin 

system (RAAS). Activation of RAAS results in 

profound reduction in glomerular filtration rate, renal 

ischemia, tubular necrosis and renal dysfunction (6). 

Moreover, the pro-inflammatory cytokines and the 

transcription factor increased and released from liver 

which could drive inflammatory alterations in 

kidneys following liver I/R (7).  

Besides, oxidative stress considered as serious 

cause of liver I/R induced AKI as the activate 
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neutrophils accumulates in sub-endothelium area and 

exonerate ROS, and cytokines, resulting in direct 

kidney injury (8, 9). Thus, many pathological 

processes are included in the development of renal 

injury, including generation of ROS and the 

activation of the immune response (10). 

The NOD like receptor protein-3 (NLRP3) is a 

cytosolic receptor which mainly expressed on 

kupffer cells (KCs) and activated by various stimuli, 

for instance by the sterile inflammation that mediated 

by endogenous patterns (11). The activation of NLRP3 

inflammasome has a deep role in regulating 

inflammation (12). Its activation establishes a complex 

which activates caspase-1, which break-down the 

inactive pro- interleukin (IL)-1β to the active 

secreted form. (13). 

Heat shock proteins (Hsps) are chaperones that 

aid folding the newly formed proteins, repairing mis-

folded ones, and preventing their harmful 

aggregation (14). When NLRP3 is translated next to 

the prompting signal, it will be removed from the 

cells except if protected by a complex holding Hsp90 
(15). Piippo et al. (16) showed that the absence of Hsp90 

causes the destruction of NLRP3 in proteasome. The 

presence of HSP 90 is also activates NF-𝜅B, 

following the depletion of HSP90 the activation of 

NF-𝜅B is prevented (17). Heat shock transcription 

factor-1 (HSF-1) was shown to support cell survival 

and proliferation against the serious stress insults (18). 

It is induced by diverse stressors, including the OS. 

It is also one of the HSP90 clients. The HSP90 

inhibition activates HSF-1 (19)  

Among the important factors that implicated in 

liver IRI the antioxidant nuclear factor erythroid-2-

related factor 2 (Nrf2). It is a positive regulator that 

leads the expression of antioxidant enzymes among 

which heme oxygenase-1 (HO-1) that breaks down 

heme and yield biliverdin, CO and free iron. De 

facto, HO-1 overexpression exerts strong 

cytoprotective functions in IRI (20). 

Celastrol is extracted from Tripterygium 

Wilfordii (TW) (21) that belongs to the Celastraceae 

family. It has been shown to provide anti-oxidant and 

anti-inflammatory activities (22).  

2. METHODS 

1.1. Animals: 

Adult albino male rats of (200-300g) obtained 

from the animal house of National Research Center 

(Cairo, Egypt). Animals were kept in proper 

laboratory conditions, in well-ventilated 

polypropylene cages, with 12 hrs light/dark cycles at 

temperature of 25±2°C. Rats were fed the standard 

pellets and allowed tap water ad libitum throughout 

the period of the experiment. The experiments were 

executed in accordance with the guidelines of the 

“Research Ethical Committee” of the Faculty of 

pharmacy, Al-Azhar University (Girls), Cairo, 

Egypt. (Permit Number: 225). 

1.2. Drugs and chemicals 

Celastrol and the chemicals were bought from 

Sigma Aldrich chemical Co. (St. Louis, MO, USA) 

except those mentioned elsewhere. The other used 

chemicals were of the highest c0mmercially 

available quality. 

1.3. Inducement of hepatic ischemia/reperfusion 

Rats were fasted (16-18 hrs) before the 

induction of I/R, but were allowed free access to 

water. After anesthetizing rats using urethane 

(1.25g/kg, IP) (23), they were immobilized by taping 

the rat’s legs and arms. The abdomen was then 

shaved and cleaned by 70% ethanol solution (24). An 

upper abdominal midline incision 3cm and 

laparotomy were made using small scissors to expose 

the abdominal contents. Liver hilus was then exposed 

to find the triad of the lobes of the left lateral and 

median. Ischemia was made by clamping the portal 

triad with a vascular microclip; ischemia is 

confirmed by the change in the operated lobes from 

the normal reddish brown color to the pale color.  

After 90 min ischemia, reperfusion was allowed 

by removing the clamp and confirmed by the gradual 

color restoration within 1 min. Laparotomy was then 

closed by suturing the layer of muscle then skin layer 

and leaves the animals to recover for the reperfusion 

period (4hrs). By finishing the reperfusion time, 

blood was gathered from abdominal aorta before 

killing rats. 

1.4. Experimental Design 

Rats posited at random in 5 groups, (n=6 rats in 

each group), and were treated as following scheme: 

1. Control group: Rats were neither 

exposed to laparotomy nor received the vehicle.  

2. Sham group: Animals administered the 

vehicle (1% DMSO in normal saline, 20U, IP, once) 

1 hour before laparotomy. After 1 hour, animals were 

laparotomized for 90 min and neither exposed to 

hepatectomy nor vascular clamping. 

3. CEL group: Rats received with CEL 

(4mg/kg, IP, once) (25) 1hour before killing. Rats 

were not exposed to I/R. 

4. I/R group: Animals received the vehicle 

(1% DMSO in normal saline, IP, once). After 1 hour 

animals were exposed to 90 min ischemia then 4 hrs 

of reperfusion (90/4 I/R).  

5. CEL + I/R group: rats received with CEL 

(4mg/kg, IP, once) 1hour before subjected to 90/4 

I/R. 

1.5. Samples collection and preparation 

After the experiment termination, blood was 

taken from the abdominal aorta in non-heparinized 

tubes and left to clot for 30 minutes at room 

temperature. Sera was isolated via centrifugation 

operated at 4000 round per minute (rpm) for 20 min. 

sera were removed in order to be used in measuring 
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both blood urea nitrogen (BUN) and creatinine (Cr) 

sera levels. Kidney tissues were isolated then washed 

in ice cold saline and dried. For histopathological 

examination, a sample of each tissue was fixed using 

10% formalin. Then for the investigation of various 

biochemical markers, other specimens were 

homogenized in ice cold phosphate buffer saline 

(PBS, pH 7.4). 

1.6. Histopathological analysis 

Fixed kidney tissues were dehydrated and 

embedded in paraffin, then sectioned at a of 5 μm 

thickness. The sections were stained with 

hematoxylin and eosin (H&E) and examined with a 

light electric microscope. To avoid bias, all 

histopathological steps and evaluations were 

performed by an experienced observer. 

1.7. Biochemical analysis 

1.7.1. Assessment of renal functions 

The sera were used for measuring BUN level 

besides Cr. These were measured to estimate renal 

injury with a commercially supplied kit (BioAssay 

systems CO., Hayward, California, U.S.A.). 

1.7.2. Enzyme linked immunosorbent assay 

(ELISA) 

To obtain 10% homogenate, kidney tissues 

were homogenized in ice cold PBS, supplemented 

with protease inhibitor at 4 C°, using tissue 

homogenizer (Omni Tissue Master 125, TM 125-

220, England). The obtained supernatant was used to 

measure caspase-1 (CASP1) (Catalog # 

E1357Ra,Bioassay Technology Laboratory, 

Shanghai Korain Biotech Co., China), heme 

oxygenase 1(HO-1) (Catalog #  CSB-

E08267r,Cusabio Co., Houston, U.S.A.), interleukin 

1β (IL-1β) (Catalog # CSB-E08055r,Cusabio Co., 

Houston, U.S.A.), malondialdehyde (MDA) 

(Catalog # MBS738685,MyBiosource Co., San 

Diego, California, U.S.A.), myeloperoxidase (MPO) 

(Catal0g # LS-F26022, Lifespan biosciences Co., 

Washington, U.S.A.), nuclear factor-κB P65 (NF-

κB-P65) (Catalog # MBS015549 ,MyBiosource Co., 

San Diego, California, U.S.A.), and total antioxidant 

capacity (TAC) (Catalog # MBS1600693 

,MyBiosource Co., San Diego, California, U.S.A.). 

Kits were used in agreement with the instructions of 

manufacturer. 

1.7.3. Protein expressions of HSP 90, HSF-1, 

NLRP3, and Nrf2 using Western Blotting 

Briefly, the Bradford method was used to 

determine protein concentrations. SDS-PAGE gel 

electrophoresis was used to separate proteins, which 

were then transferred to nitr0cellulose membranes. 

The primary antib0dies used are for HSP 90 (Catalog 

# PA3-013, Thermo Fisher Scientific, USA), HSF-1 

(Catal0g # PA3-017, Therm0 Fisher Scientific, 

USA), NLRP3 (Catalog # PA5-88709, Thermo 

Fisher Scientific, USA), and Nrf2 (Catalog # PA5-

27882, Thermo Fisher Scientific, USA). A secondary 

h0rseradish per0xidase c0njugated antibody 

(Thermo Fisher Scientific, USA; Catalog # G-21234) 

was used to visualize the protein-antibody complex. 

The chemiluminescent substrate (ClarityTM 

Western ECL substrate – BIO-RAD, USA cat#170-

5060) was applied to the blot according to the 

manufacturer's recommendation. The 

chemiluminescent signals were captured by CCD 

camera based imager. Image analysis software was 

used to read the band intensity of the measured 

proteins against control after normalization by beta 

actin (β-actin) on the Chemi Doc MP imager. For 

HSP 90, HSF-1, NLRP3, and Nrf2 the results were 

expressed as arbitrary units after normalizating with 

β-actin protein. 

1.8. Statistical analysis 

Data were expressed as mean ± SEM. The 

difference between groups was statistically analyzed 

by GraphPad Prism 5 (La Jolla, CA, USA), using 

one-way ANOVA followed by Tukey's Multiple 

Comparison Test. P value < 0.05 was considered as 

significant.  

3. RESULTS 

3.1. Effect of CEL on renal functions following hepatic 

ischemia/reperfusion 

Renal function was estimated by measuring 

BUN and Cr sera levels. The I/R deteriorated kidney 

function evidenced by significant rising of BUN 

(Fig. 1A) and Cr (Fig. 1B) serum level as compared 

to sham group. While, rats pre-treated with CEL had 

significant lower levels of kidney functions when 

compared to I/R-group (p < 0.05).  

3.2. Effect of CEL on renal oxidative stress markers 

following hepatic ischemia/reperfusion 

The antioxidant effect of CEL against ROS 

production induced by I/R was evaluated by 

estimating the contents of MDA, TAC, Nrf2, and 

HO-1. Induction of I/R provided significant lowering 

in renal TAC, Nrf2, and HO-1 by about 57.7%, 

55.4% and 60.7% respectively, as well as significant 

rising in lipid peroxidation evaluated by MDA level 

4.6 times compared with sham group (p < 0.05). 

Protection with CEL prevented the reduction in 

TAC, Nrf2, and HO-1 contents by about 83.2%, 

77.8% and 106.4% respectively. Moreover, MDA 

content was reduced in CEL protected group by 

66.4% when compared to I/R group at (p < 0.05) as 

shown in Fig.2. 
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Figure 1. Effect of CEL on serum blood urea nitrogen (A) and creatinine (B).Data were expressed as mean 

± S.E.M (n=6). Celastrol (CEL) was given at a dose (4mg/kg, IP, once) 1 hour before I/R. Ischemia/reperfusion 

(90/4 I/R) was induced at the same day, ischemia operated for 90 minutes followed by reperfusion for 4 hours. 

Statistical analysis was performed using ANOVA followed by Turkey’s multiple comparison test. a: 

significantly different from the control group, b: significantly different from the sham group, c: significantly 

different from the I/R operated group at p < 0.05. 

                                         

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Effect of CEL on serum TAC (A), Nrf2 (B), HO-1 (C) and MDA (D). Data were expressed as 

mean ± S.E.M (n=6). Celastrol (CEL) was given at a dose (4mg/kg, IP, once) 1 hour before I/R. 

Ischemia/reperfusion (90/4 I/R) was induced at the same day, ischemia operated for 90 minutes followed by 

reperfusion for 4 hours. Statistical analysis was performed using ANOVA followed by Turkey’s multiple 

comparison test. a: significantly different from the control group, b: significantly different from the sham group, 

c: significantly different from the I/R operated group at p < 0.05. 
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3.3. Effect of CEL on renal inflammatory 

markers (NF-κB/ NLRP3) and (HSP 

90/HSF-1) signaling pathways following 

hepatic ischemia/reperfusion 

3.3.1. Effect of CEL on NF-κB/ NLRP3 

inflammasome pathway markers 

Ischemia/reperfusion significantly increased 

the renal contents of NF-κB, NLRP3, CASP1, and 

IL-1β as well as MPO by about 2.5, 4.8, 2.3 and 3.7 

folds respectively. However, pretreatment with CEL 

significantly reduced these protein contents by about 

45.4%, 61.4%, 43.6%, 58% and 45.9% respectively 

as compared to the I/R group (p < 0.05) as offered in 

Fig. 3.1. 

3.3.2. Effect of CEL on HSP 90/HSF-1 pathway 

markers 

I/R significantly increased the renal contents of 

HSP 90 and HSF-1 by about 6.5 and 7.3 folds 

respectively, while pretreatment with CEL 

significantly reduced these protein contents by about 

75.9% and 66.4% respectively as compared to I/R 

group (p < 0.05) as presented in Figure (3.2). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1. Effect of CEL on NF-κB (A), NLRP3 (B), CASP1 (C), IL-1β (D) and MPO (E). Data were 

expressed as mean ± S.E.M (n=6). Celastrol (CEL) was given at a dose (4mg/kg, IP, once) 1 hour before I/R. 

Ischemia/reperfusion (90/4 I/R) was induced at the same day, ischemia operated for 90 minutes followed by 

reperfusion for 4 hours. Statistical analysis was performed using ANOVA followed by Turkey’s multiple 

comparison test. a: significantly different from the control group, b: significantly different from the sham group, 

c: significantly different from the I/R operated group at p < 0.05. 
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Figure 3.2. Effect of CEL on HSP90 (A) and HSF-1 (B). Data were expressed as mean ± S.E.M (n=6). 

Celastrol (CEL) was given at a dose (4mg/kg, IP, once) 1 hour before I/R. Ischemia/reperfusion (90/4 I/R) was 

induced at the same day, ischemia operated for 90 minutes followed by reperfusion for 4 hours. Statistical 

analysis was performed using ANOVA followed by Turkey’s multiple comparison test. a: significantly different 

from the control group, b: significantly different from the sham group, c: significantly different from the I/R 

operated group at p < 0.05. 

3.4. Evaluation of histological changes 

As presented in Figure (4), kidney sections of 

the control, CEL and sham groups showed no 

histopathological changes and normal kidney 

structure. However, I/R group exhibited 

vacuolization and swelling in lining endothelium of 

glomerular tufts associated with focal inflammatory 

cells infiltration in between the tubules at the cortex, 

coagulative necrosis in some tubules at 

crticomedullary junction with cystic dilatation in 

others. On the other hand, protection of rats with 

CEL repressed the histopathological alterations 

induced by I/R as a marked reduction in both the 

vacuolization in the lining endothelium of renal 

glomerular tufts, and in the cystic dilatation in the 

tubules at the corticomedullary junction were 

detected, with the absence of both the inflammatory 

cells infiltration in between the tubules and in the 

coagulative necrosis were detected. 

4. DISCUSSION 

Hepatic IRI occurs by many clinical settings 

including liver resection, liver transplantation, as 

well as in trauma, and hemorrhagic shock (26). 

Hepatic I/R results in remote organ injury, in 

particular, acute kidney injury (AKI) is common and 

greatly rises mortality and morbidity in patients (27). 

During I/R liver generates ROS and pro-

inflammatory cytokines that are remotely released 

factors strongly implicated in the establishment of 

AKI (27). Celastrol (CEL) is a bioactive compound 

obtained from a Chinese medicinal plant named 

Tripterygium wilfordii (21). CEL has been shown to 

afford anti-oxidant and anti-inflammatory activities 
(22).  

In the presented work, applying 90/4 I/R in liver 

was resulted in remote kidney injury, this injury was 

confirmed by a reduction in renal functions that 

evidenced by the significant elevation in BUN and Cr 

levels in sera of the I/R group, as compared to the 

sham group. These findings are going with various 

studies in which liver I/R formed changes in renal 

functions (7, 27). The elevation in BUN and Cr may be 

attributed to the reduction in GFR due to up-

regulation of RAAS that leads to a subsequent intra-

renal ischemia that eventually result in renal tubular 

necrosis and renal dysfunction (8). Additionally, it 

may be attributed to the circulating pro-inflammatory 

cytokines which permit up-regulation of the adhesion 

molecules in kidneys resulting in leukocyte 

infiltration that release ROS and cytokines creating 
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direct renal injury (9). In the current study 

pretreatment with CEL (4mg/kg, IP, once) 1 hr 

before liver I/R alleviated the increase in the renal 

functions (BUN and Cr) compared to the I/R group, 

which indicate improvement in renal functions. 

These findings are in concordance with Chu et al. (28) 

who demonstrated that CEL could ameliorate the 

acute kidney injury that was induced by renal I/R in 

rats and suppress the elevated renal function markers 

by inhibiting NF-κB activation and inflammation, 

which goes in harmony with the findings of Yu et al. 
(29) in cisplatin-induced kidney injury model. 

 

 

Figure 4. Photomicrograph for sections of kidney stained with H&E, ×40. Control (A): No histopathological changes 

in the glomeruli (G) and tubules (T) and normal kidney structure. CEL (B): No histopathological changes in the glomeruli 

(G) and tubules (T) and normal kidney structure. Sham (C): No histopathological changes in the glomeruli (G) and tubules 

(T) and normal kidney structure. I/R (D): Vacuolization and swelling (g) in lining endothelium of glomerular tufts 

associated with focal inflammatory cells infiltration (m) in between the tubules at the cortex (D1), coagulative necrosis (n) 

in some tubules at crticomedullary junction with cystic dilatation in others (arrow) (D2). CEL+I/R (E): A marked reduction 

in both the vacuolization (g) in the lining endothelium of renal glomerular tufts, and in the cystic dilatation (arrow) in the 

tubules at the corticomedullary junction, with the absence of both the inflammatory cells infiltration in between the tubules 

and in the coagulative necrosis.  
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Oxidative stress and ROS perform an important 

role in both hepatic damage (30) and kidney damage 
(31) during liver I/R. Among the important 

transcription factors implicated in IRI there is Nrf2 

which is critical in the control of many antioxidants 

that keep the oxidation-reduction balance and protect 

from inflammation (32). After activation by ROS, 

Nrf2 translocates to inside nucleus, and engines the 

expression of multiple protective antioxidant 

enzymes like HO-1 (33) and subsequently could 

increase TAC of the cell (34, 35). In the present work, 

90/4 I/R insult showed lessened hepatic and renal 

concentrations of Nrf2, HO-1, and TAC as well as 

elevated MDA content, which goes in harmony with 

the findings of Ibrahim et al. (34) who induced liver 

injury by liver (45/24 I/R) insult and Ragab et al. (35) 

who induced kidney injury by renal (45/24 I/R). 

Kudoh et al. (36) study showed that Nrf2 is a 

significant factor that is able to prevent the 

hepatocyte death during hepatic I/R in mice. Their 

study demonstrated that Nrf2 shortage aggravated 

OS, inflammation, and hepatocyte damage, while the 

activation of Nrf2 before ischemia significantly 

repressed OS, MDA level, and the extent of 

hepatocytes damage resulted from I/R. Furthermore, 

it reduced the activation of IκB and subsequently 

inhibited the nuclear translocation of NF-κB (37) 

which can provide an explanation for the NF-κB 

findings in the current study that will be illustrated 

later. Additionally, Younis et al. (38) showed that the 

stimulation of Nrf2/HO-1 signaling pathway could 

protect kidney from cisplatin induced nephrotoxicity 

in rats by exerting antioxidant and anti-inflammatory 

properties and increasing TAC. Another study 

performed by Ragab et al. (35) in renal I/R model 

revealed that the induced expression of Nrf2 by Nrf2 

activator could enhance renal TAC, inhibit lipid 

peroxidation, besides inhibiting pro-activator 

caspase-1 via the suppression of NF-κB. Thus, 

establishment of effective and specific Nrf2 activator 

may confer a distinct strategy for renal- protection 

contra hepatic IRI. Despite proven renal protective 

role of CEL in different kidney injury models 

induced by renal IRI (28, 39), the present study is the 

first to document its impact against the remote 

kidney injury induced by liver I/R insult. CEL is 

known to stimulate the activity of the cytoprotective 

Nrf2/HO-1 pathway and up-regulate the expression 

of antioxidant enzymes ( 40). Hence, pretreatment with 

CEL afford its anti-oxidant role, where it was able to 

antagonize the effect of I/R in liver and kidney by 

inducing Nrf2 and HO-1, enhancing TAC, and 

dropping lipid peroxidation. Our results concur with 

the study of Yang et al. (40) in which CEL has 

alleviated the OS and vascular calcificationin CKD 

rats  via increaseing the mRNA and protein levels of 

HO-1. Another study performed by Francis et al. (41) 

was reported the protective role of CEL against 

aminoglycoside-induced ototoxicity as a result of 

inducing the expression of both Nrf2 and HO-1. The 

same study also reported that HSF-1 was not required 

for inducing the expression of H0-1 as it was still 

expressed in HSF-1-/- mice, suggesting that CEL 

induction of HO-1 in the absence of HSF-1 might be 

occure through activation of Nrf2. MDA is an 

important indicator for lipid peroxidation and cell 

damage under OS, and the elevation of MDA 

associated with the remote kidney injury suggesting 

excessive generation of ROS and cellular damage (7, 

42). This was shown in the current study which goes 

in harmony with the study of Kadkhodaee et al. (7) 

who performed liver I/R model for 90 min ischemia 

followed by reperfusion for 4 hrs and reported a 

significant elevation in renal MDA content. The 

current work showed that CEL protected groups 

showed a significant lowering in the increased renal 

MDA contents, suggesting that CEL possess a 

protective activity against the damage induced by I/R 

via hindering MDA elevation through its ability to 

reduce OS by increasing the intracellular 

antioxidants which can be confirmed by the results of 

TAC and HO-1 which illustrated previously. 

Moreover, the reduced MDA content observed in 

CEL protected group coincides with previous 

observations of Chu et al. (28) which showed reduced 

renal MDA content in renal (45/6 I/R) model induced 

in rats. 

The activation of NLRP3 inflammasome has a 

pivotal role in inflammation (12). Active NLRP3 

forms a complex called the inflammasome which 

mediates caspase-1 activation. Caspase-1 rives the 

pro-inflammatory cytokine pro-IL-1β to active 

mature form, which is secreted. The released IL-1β 

may then activate the IL-1 receptor which amplify 

the inflammas0me signaling (43). The current study 

demonstrated that hepatic I/R produced a salient 

increase in renal protein content of NLRP3, caspase-

1, and IL-1β compared to the sham group. These 

results in accordance with Zhou et al. (44) that was 

reported a significant elevation of IL-1β content in 

renal tissue of the rats exposed to liver ischemia for 

30 min followed by 24 hr of reperfusion which was 

thought to be mediated by the activation of NF-κB 

that resulted in stimulation of the glomerular cells to 

produce TNF-α which could impair filtration or 

tubular function. In the present study the increase in 

renal protein content of NLRP3, caspase-1, and IL-

1β may be attributed to the induced expression of 

NF-κB observed in our results. It was reported that 

the activation of NLRP3 inflammasome requires 2 

steps: firstly, needs an initiation signals such as 

interleukin-1 receptor (IL-1R) activation that 

activates NF-κB. This induces the expression of 

inflammasome components (NLRP3, pro-caspase-1 
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and pro- IL-1) (11). The present study showed that rats 

protected by CEL showed a significant detraction in 

renal protein content of NF-κB p65, NLRP3, CASP1, 

and IL-1β. These outcomes are inconsistent with Chu 

et al. (28) who induced renal I/R via occlusion of the 

bilateral renal pedicles for 45min followed by 

reperfusion for 6hr in rats. In their study rats were 

injected with CEL 30 min before renal ischemia, 

which could prevent the acute kidney injury by 

preventing I/R-induced expression of pro-

inflammatory mediat0rs via suppression of NF-κB 

subunit p65, decreasing the level of IL-1β, and 

suppressing the elevated renal function markers 

BUN and Cr. The accumulation of neutrophils can be 

confirmed by measuring the myeloperoxidase 

(MPO) which is considered as an indicator not only 

for neutrophil infiltration, which induces 

inflammation, but also as an index for oxidative 

damage (45). In the present study hepatic IRI resulted 

in a significant elevation in MPO content. These 

results go in harmony with many of previous studies 

either directly (46) or remotely (47) which could be 

attributed to the induced expression of NF-κB and/or 

IL-1β that accomplished in the present work. The 

pretreatment with CEL could provide a significant 

cut down in the renal MPO content. These outcomes 

match with the findings of Chu et al. (28) who showed 

that rats protected by CEL 30 min before the insult 

of renal I/R for 45/6 showed a significant reduction 

in the MPO activity. 

Heat shock protein 90 (Hsp90) is a chaperone 

which regulates the stability and the activation of 

several proteins (clients) (49). Several regulators of 

signaling pathways that have critical roles in driving 

inflammatory responses are clients of HSP90 among 

which NF-κB (48) and NLRP3 (16). Mayor et al. (49) and 

Piippo et al. (16) showed that in the absence of HSP90, 

NLRP3 becomes degraded by the proteasome. 

Therefore the inhibition and preventing the 

expression of HSP90 could lead to the degradation of 

both NF-κB and NLRP3 which could result in 

inhibiting NF-κB/NLRP3/CASP1 axis and prevent 

inflammation.  In the present study hepatic IRI 

resulted in a noticeable elevation in HSP90 content, 

these findings go in harmony with the findings of 

various I/R models including myocardial I/R (50) 

which was attributed to the increased HSF-1, such 

explanation is in accordance with the HSF-1 

outcomes of the present study. The same findings 

reported in cerebral I/R model (51) and other I/R 

models (52, 53). Our findings showed that pretreatment 

with CEL could provide a significant cut down in 

renal HSP90 content. These outcomes are 

inconsistent with the outcomes of Aceros et al. (53) 

who performed combining in vitro cell culture using 

rat myocardial cell line exposed to ischemic and I/R 

stresse, and ex vivo Langendorff rat heart perfusion 

I/R model, they reported that CEL through HSP90 

activity modulation could provide cardio-protection 

through the activation of cytoprotective HSPs such 

as HO-1. Such inhibitory effect of HSP90 was 

reported in various studies. Such inhibition may be 

resulted from inducing the degradation of HSP90 and 

its client proteins (54). Another explanation could be 

obtained from the HSF-1 findings of the present 

study in which CEL could reduce the expression of 

HSF-1 which responsible for the expression of the 

HSPs including HSP90 (55). Insights taken from the 

published data suggest that HSP90 inhibition 

activates HSF-1, HSP90 was proposed to sequester 

HSF-1 in unstressed cells (19). Heat shock factor 1 

induces the expression of other cytoprotective stress 

proteins such as HO-1(56). Under unstressed 

conditions HSF-1 present in its inactive form in 

which it is united with HSP90 (57).  

Stress can dissociate HSF-1 from chaperones, 

allowing HSF-1 activation and up-regulation of 

HSP90, thus enhancing the chaperone capacity and 

help protein correctly folding. In the present study, 

the 90/4 I/R resulted in increased renal contents of 

HSF-1. These results go in harmony with Kuboki et 

al. (58) who performed ischemia till 90 min and 1hr of 

reperfusion in mice liver and Nair and Sharma (50) in 

myocardial I/R model in which the ischemic stress in 

the heart induced an increase in HSP90 level which 

was directed by a simultaneous increase in HSF-1and 

ROS accumulation, all provide a sufficient 

explanation for our findings. Hence, the induction of 

OS by I/R which has been proven by our findings in 

OS markers could result in inducing the expression 

of HSF-1 which activated directly by OS that trigger 

HSF-1 homo-multimerization and activation (55) and 

induce the expression of HSP90.  

Nevertheless, the induced expression of HSF-1 

could not induce the expression of HSP32 in I/R 

groups. These findings may indicate that HSF-1 is 

responsible for the expression of HSP90 but not, at 

least in part, required for HSP32 expression which 

could be mediated mainly by Nrf2-ARE pathway that 

is confirmed by our Nrf2 findings. Therefore, greatly 

interesting is that HSF-1 and Nrf2 could compensate 

for one another. For instance, methionine privation 

was shown to enhance the HSP70 expressi0n in an 

Nrf2-dependending mechanism and independent 0f 

HSF-1 (59). Our findings showed that pretreatment 

with CEL could provide a significant cut down in 

renal HSF-1 content. These findings may be 

attributed to its anti-oxidant activity which proved in 

the present study by the reduction of the OS markers 

and increasing the TAC together with induced 

expression of Nrf2 and its product HO-1 which 

possess both anti-oxidant and anti-inflammatory 

properties.  

Finally, the present study demonstrated remote 

kidney injury after hepatic I/R insult that were 

confirmed by the histopathological examination of 

https://www.sciencedirect.com/topics/medicine-and-dentistry/acute-kidney-injury
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kidney tissues of the I/R group. Kidney sections 

showed vacuolization and swelling in lining 

endothelium of glomerular tufts associated with focal 

inflammatory cells infiltration in between the tubules 

at the cortex, coagulative necrosis in some tubules at 

crticomedullary junction with cystic dilatation in 

others. These observations are consistent with 

several reported findings in which hepatic I/R caused 

alterations and changes in kidney histology (27, 60). 

Pretreatment with CEL attenuated kidney damage 

induced by hepatic I/R as CEL significantly 

improved our histopathological alterations as 

compared to the control groups.  

5. CONCLUSIONS 

The current study highlighted many positive 

effects achieved by CEL on the protection of kidney 

in a partial hepatic I/R model. The mechanistic 

cassette in includes inducing the expression of the 

antioxidant enzyme HO-1, increasing TAC by 

inducing Nrf2 leading to inhibition of OS, and 

attenuation of the inflammatory response. Hence, we 

conclude that CEL could be effective prophylaxis for 

AKI. More investigations are required to assess the 

potential therapeutic efficacy of CEL using different 

doses and different pathways. 

 

Funding: This study did not receive a specific grant 

from any funding agency in the public, commercial, 

or not-for-profit sectors. 

Conflicts of Interest: The authors declare that they 

have no competing interests. 

Ethical Statement: The study was performed in line 

with the ethical rules and policies set out by the 

Ethics Committee of Faculty of Pharmacy, (Girls), 

Al-Azhar University (No.225) that is compatible 

with the NIH guidelines for laboratory animals.  

Author Contribution: SI performed the experiment, 

collected the data, performed the graphical and 

statistical analysis, and wrote the manuscript. EM 

supervised the data analysis, writing, and revised the 

manuscript. MA shared in designing the research 

idea and the execution of the experiment and revised 

the manuscript. AA revised the manuscript. 

List of Abbreviations: AKI: Acute kidney injury; 

BUN: Blood urea nitrogen; CASP1: Caspase-1; 

CEL: Celastrol; Cr: Creatinine; HO-1: Heme 

oxygenase-1; HSF1: Heat shock proteins; Hsp90: 

Heat shock protein 90; Hsps: Heat shock proteins; 

I/R: Ischemia/reperfusion; IL-1β: Interleukin-1 beta; 

IRI: Ischemia/reperfusion injury; MDA: 

Malondialdehyde; MPO: Myeloperoxidase; NF-κB: 

Nuclear factor-kappa B; NLRP3: NOD-like receptor 

protein-3; OS: Oxidative stress; ROS: Reactive 

oxygen species; TAC: Total antioxidant capacity; 

TNF-α: Tumor necrosis factor-alpha; TW: 

Tripterygium Wilfordii 

  

REFERENCES  

1. Zhang Y.-Q., Ding N., Zeng Y.-F., Xiang Y.-

Y., Yang M.-W., Hong F.-F. and Yang S.-

L., (2017). New progress in roles of nitric 

oxide during hepatic ischemia reperfusion 

injury. World Journal of Gastroenterology, 

23(14), p.2505. 

2. Li Y., Yang Y., Feng Y., Yan J., Fan C., Jiang 

S. and Qu Y., (2014). A review of 

melatonin in hepatic ischemia/reperfusion 

injury and clinical liver disease. Annals of 

medicine, 46(7), pp.503–11. 

3. Teoh N.C. and Farrell G.C., (2003). Hepatic 

ischemia reperfusion injury: Pathogenic 

mechanisms and basis for hepatoprotection. 

Journal of Gastroenterology and 

Hepatology (Australia), 18(8), pp.891–902. 

4. Arroyo V., Fernandez J. and Ginès, P., (2008). 

Pathogenesis and treatment of hepatorenal 

syndrome. Seminars in Liver Disease, 

28(1), pp.81–95.  

5. Schepke M., (2007). Hepatorenal syndrome: 

Current diagnostic and therapeutic 

concepts. In Nephrology Dialysis 

Transplantation. (8), pp. viii2–viii4.  

6. Nastos, C. et al., (2014). Global consequences 

of liver ischemia/reperfusion injury. 

Oxidative Medicine and Cellular 

Longevity, 2014, 906965. 

7. Kadkhodaee M., Mikaeili S., Zahmatkesh M., 

Golab F., Seifi B., Arab H. A., Shams S. and 

Mahdavi-Mazdeh M., (2012). Alteration of 

renal functional, oxidative stress and 

inflammatory indices following hepatic 

ischemia-reperfusion. General physiology 

and biophysics, 31(2), pp.195–202. 

8. Lee H. T., Park S. W., Kim M. and D'Agati 

V. D., (2009). Acute kidney injury after 

hepatic ischemia and reperfusion injury in 

mice. Laboratory Investigation, 89(2), 

pp.196–208.  

9. Miranda L.E. C., Capellini V.K., Reis G.S., 

Celotto A.C., Carlotti C.G. and Evora 

P.R.B., (2010). Effects of Partial Liver 

Ischemia Followed by Global Liver 

Reperfusion on the Remote Tissue 

Zakaria
Typewritten Text
10



Ibrahim et al, Azhar Int J Pharm Med Sci 2023; Vol 3 (1):1-14   

 

https://aijpms.journals.ekb.eg/ 

 

Expression of Nitric Oxide Synthase: 

Lungs and Kidneys. Transplantation 

Proceedings, 42(5), pp.1557–1562.  

10. Rampes S. and Ma D., (2019). Hepatic 

ischemia-reperfusion injury in liver 

transplant setting: Mechanisms and 

protective strategies. Journal of Biomedical 

Research, 33(4), pp.221–234. 

11. Jiménez-Castro M. B., Cornide-Petronio M. 

E., Gracia-Sancho J. and Peralta C., (2019). 

Inflammasome-Mediated Inflammation in 

Liver Ischemia-Reperfusion Injury. Cells, 

8(10), 1131.  

12. Bo N., Yilin H., Haiyang Y. and Yuan Y., 

(2020). Acrylamide induced the activation 

of NLRP3 inflammasome via ROS-MAPKs 

pathways in Kupffer cells. Food and 

Agricultural Immunology, 31(1), pp.45–62.  

13. Coll R., O’Neill L. and Schroder K., (2016). 

Questions and controversies in innate 

immune research: what is the physiological 

role of NLRP3? Cell Death Discovery, 2(1), 

pp.1–5 

14. Lamark T. and Johansen T., (2012). 

Aggrephagy: Selective disposal of protein 

aggregates by macroautophagy. 

International Journal of Cell Biology, 

2012, Article ID 736905.  

15. Martinon F., (2008). Detection of immune 

danger signals by NALP3. Journal of 

Leukocyte Biology, 83(3), pp.507–511. 

16. Piippo N., Korhonen E., Hytti M., Skottman 

H., Kinnunen K., Josifovska N., Petrovski 

G., Kaarniranta K. and Kauppinen A., 

(2018). Hsp90 inhibition as a means to 

inhibit activation of the NLRP3 

inflammasome. Scientific Reports, 8(1), 

pp.1–9. 

17. Lewis J., Devin A., Miller A., Lin Y., 

Rodriguez Y., Neckers L. and Liu Z. G., 

(2000). Disruption of Hsp96 function 

results in degradation of the death domain 

kinase, receptor-interacting protein (RIP), 

and blockage of tumor necrosis factor-

induced nuclear factor-κB activation. 

Journal of Biological Chemistry, 275(14), 

pp.10519–10526. 

18. Åkerfelt, M., Morimoto, R.I. and Sistonen, 

L., (2010). Heat shock factors: Integrators 

of cell stress, development and lifespan. 

Nature Reviews Molecular Cell Biology, 

11(8), pp.545–555. 

19. Kijima T., Prince T. L., Tigue M. L., Yim K. 

H., Schwartz H., Beebe K., Lee S., 

Budzynski M. A., Williams H., Trepel J. B., 

Sistonen L., Calderwood S. and Neckers L., 

(2018). HSP90 inhibitors disrupt a transient 

HSP90-HSF1 interaction and identify a 

noncanonical model of HSP90-mediated 

HSF1 regulation. Scientific Reports, 8(1), 

pp.1–13. 

20. Kupiec-Weglinski J.W. and Busuttil R.W., 

(2005). Ischemia and reperfusion injury in 

liver transplantation. Transplantation 

Proceedings, 37(4), pp.1653–1656. 

21. Hou W., Liu B. and Xu H., (2020). Celastrol: 

Progresses in structure-modifications, 

structure-activity relationships, 

pharmacology and toxicology. European 

Journal of Medicinal Chemistry, 189, 

112081. 

22. Wagh P. R., Desai P., Prabhu S. and Wang 

J., (2021). Nanotechnology-Based Celastrol 

Formulations and Their Therapeutic 

Applications  . Frontiers in 

Pharmacology  ,12 , 1292.  

23. Masuda Y., Tanaka T., Inomata N., Ohnuma 

N., Tanaka S., Itoh Z., Hosoda H., Kojima 

M. and Kangawa K., (2000). Ghrelin 

Stimulates Gastric Acid Secretion and 

Motility in Rats. Biochemical and 

Biophysical Research Communications, 

276(3), pp.905–908.  

24. Abe Y., Hines I.N., Zibari G., Pavlick K., 

Gray L., Kitagawa Y. and Grisham M.B., 

(2009). Mouse Model of Liver Ischemia 

and Reperfusion Injury: Method to Study 

Reactive Oxygen and Nitrogen Metabolites 

in vivo. Nature Medicine, 46(1), pp.1–7. 

25. Tong S., Zhang L., Joseph J. and Jiang X., 

(2018). Celastrol pretreatment attenuates 

rat myocardial ischemia/ reperfusion injury 

by inhibiting high mobility group box 

1 protein expression via the PI3K/Akt 

pathway. Biochemical and Biophysical 

Research Communications, 497(3), 

pp.843–849. 

26. Jiang Y., He X., Simonaro C. M., Yi B. and 

Schuchman E. H., (2021). Acid Ceramidase 

Zakaria
Typewritten Text
11



Hepatic ischemia-reperfusion and reno-protective effect of Celastrol 

 

https://aijpms.journals.ekb.eg/ 

Protects Against Hepatic 

Ischemia/Reperfusion Injury by 

Modulating Sphingolipid Metabolism and 

Reducing Inflammation and Oxidative 

Stress  . Frontiers in Cell and 

Developmental Biology  , 9 , 1138. 

27. Seifi B., Kadkhodaee M., Delavari F., 

Mikaeili S., Shams S. and Ostad S. N., 

(2012). Pretreatment with Pentoxifylline 

and N-Acetylcysteine in Liver Ischemia 

Reperfusion-Induced Renal Injury. Renal 

Failure, 34(5), pp.610–615. 

28. Chu C., He W., Kuang Y., Ren K. and Gou 

X., (2014). Celastrol protects kidney 

against ischemia–reperfusion-induced 

injury in rats. Journal of Surgical Research, 

186(1), pp.398–407.  

29. Yu X., Meng X., Xu M., Zhang X., Zhang 

Y., Ding G., Huang S., Zhang A. and Jia Z., 

(2018). Celastrol ameliorates cisplatin 

nephrotoxicity by inhibiting NF-κB and 

improving mitochondrial function. 

EBioMedicine, 36, pp.266–280.  

30. Li Z., Wang Y., Zhang Y., Wang X., Gao B., 

Li Y., Li R. and Wang J., (2021). Protective 

Effects of Fisetin on Hepatic Ischemia-

reperfusion Injury Through Alleviation of 

Apoptosis and Oxidative Stress. Archives of 

Medical Research, 52(2), pp.163–173. 

31. Han S. J., Jang H-S., Seu S. Y., Cho H-J., 

Hwang Y. J., Kim J. I. and Park K. M., 

(2017). Hepatic ischemia/reperfusion injury 

disrupts the homeostasis of kidney primary 

cilia via oxidative stress. Biochimica et 

Biophysica Acta (BBA) - Molecular Basis of 

Disease, 1863(7), pp.1817–1828. 

32. Muri J. and Kopf M., (2020). Redox 

regulation of immunometabolism. Nature 

Reviews Immunology 2020 21:6, 21(6), 

pp.363–381.  

33. Habtemariam S., (2019). The Nrf2/HO-1 

Axis as Targets for Flavanones: 

Neuroprotection by Pinocembrin, 

Naringenin, and Eriodictyol. Oxidative 

Medicine and Cellular Longevity, Article 

ID 4724920. 

34. Ibrahim S. G., El-Emam S. Z., Mohamed E. 

A. and Abd Ellah M. F., (2020). Dimethyl 

fumarate and curcumin attenuate hepatic 

ischemia/reperfusion injury via Nrf2/HO-1 

activation and anti-inflammatory 

properties. International 

Immunopharmacology, 80, 106131. 

35. Ragab D., Abdallah D.M. and El-Abhar 

H.S., (2020). The dual reno- and neuro-

protective effects of dimethyl fumarate 

against uremic encephalopathy in a renal 

ischemia/reperfusion model. 

Pharmacological Reports, 72(4), pp.969–

983.  

36. Kudoh K., Uchinami H., Yoshioka M., Seki 

E. and Yamamoto Y., (2014). Nrf2 

activation protects the liver from 

ischemia/reperfusion injury in mice. Annals 

of surgery, 260(1), pp.118–127.  

37. Bao L., Li J., Zha D., Zhang L., Gao P., Yao 

T. and Wu X., (2018). Chlorogenic acid 

prevents diabetic nephropathy by inhibiting 

oxidative stress and inflammation through 

modulation of the Nrf2/HO-1 and NF-ĸB 

pathways. International 

Immunopharmacology, 54, pp.245–253.  

38. Younis N. N., Elsherbiny N. M., Shaheen M. 

A. and Elseweidy M. M., (2020). 

Modulation of NADPH oxidase and 

Nrf2/HO-1 pathway by vanillin in cisplatin-

induced nephrotoxicity in rats. Journal of 

Pharmacy and Pharmacology, 72(11), 

pp.1546–1555.  

39. Malek M. and Nematbakhsh M., (2015). 

Renal ischemia/reperfusion injury; from 

pathophysiology to treatment. Journal of 

Renal Injury Prevention, 4(2), 20.  

40. Yang X., Chen A., Liang Q., Dong Q., Fu 

M., Liu X., Wang S., Li Y., Ye Y., Lan Z., 

Ou J. S., Lu L. and Yan J., (2021). Up-

regulation of heme oxygenase-1 by 

celastrol alleviates oxidative stress and 

vascular calcification in chronic kidney 

disease. Free Radical Biology and 

Medicine, 172, pp.530–540. 

41. Francis S. P., Kramarenko I. I., Brandon C. 

S., Lee F-S., Baker T. G. and Cunningham 

L. L., (2011). Celastrol inhibits 

aminoglycoside-induced ototoxicity via 

heat shock protein 32. Cell Death and 

Disease, 2(8), pp.e195–e195. 

42. Kireev R., Bitoun S., Cuesta S., Tejerina A., 

Ibarrola C., Moreno E., Vara E. and 

Tresguerres J. A. F., (2013). Melatonin 

Zakaria
Typewritten Text
12



Ibrahim et al, Azhar Int J Pharm Med Sci 2023; Vol 3 (1):1-14   

 

https://aijpms.journals.ekb.eg/ 

 

treatment protects liver of Zucker rats after 

ischemia/reperfusion by diminishing 

oxidative stress and apoptosis. European 

Journal of Pharmacology, 701(1-3), 

pp.185–193. 

43. Wree A. and Marra F., (2016). The 

inflammasome in liver disease. Journal of 

Hepatology, 65(5), pp.1055–1056. 

44. Zhou L., Yao X. and Chen Y., (2012). 

Dexamethasone pretreatment attenuates 

lung and kidney injury in cholestatic rats 

induced by hepatic ischemia/reperfusion. 

Inflammation, 35(1), pp.289–296. 

45. Huang C.C., Tsai S.C. and Lin W.T., 2008. 

Potential ergogenic effects of l-arginine 

against oxidative and inflammatory stress 

induced by acute exercise in aging rats. 

Experimental Gerontology, 43(6), pp.571–

577.  

46. Atalay S., Soylu B., Aykaç A., Öğünç A. V., 

Çetinel Ş., Özkan Na., Erzik C. and Şehirli 

A. Ö., (2018). Protective effects of St. 

John’s wort in the hepatic 

ischemia/reperfusion injury in rats. Turkish 

journal of surgery, 34(3), pp.198–204.  

47. Behrends M., Hirose R., Park Y. H., Tan V., 

Dang. K., Xu F., Park S. H. and Niemann 

C. U., (2008). Remote renal injury 

following partial hepatic 

ischemia/reperfusion injury in rats. Journal 

of Gastrointestinal Surgery, 12(3), pp.490–

495. 

48. Taipale M., Jarosz D.F. and Lindquist S., 

(2010). HSP90 at the hub of protein 

homeostasis: Emerging mechanistic 

insights. Nature Reviews Molecular Cell 

Biology, 11(7), pp.515–528. 

49. Mayor A., Martinon F., De Smedt T., Pétrilli 

V. and Tschopp J., (2007). A crucial 

function of SGT1 and HSP90 in 

inflammasome activity links mammalian 

and plant innate immune responses. Nature 

Immunology, 8(5), pp.497–503. 

50. Nair S.P. and Sharma R.K., (2020). Heat 

shock proteins and their expression in 

primary murine cardiac cell populations 

during ischemia and reperfusion. Molecular 

and Cellular Biochemistry  464(1), pp.21–

26. 

51. He, D., Song, X. & Li, L., (2015). 

Geranylgeranylacetone protects against 

cerebral ischemia and reperfusion injury: 

HSP90 and eNOS phosphorylation 

involved. Brain Research, 1599, pp.150–

157. 

52. Barrera-Chimal J., Pérez-Villalva R., Ortega 

J. A., Uribe N., Gamba G., Cortés-González 

C. and Bobadilla N. A., (2014). Intra-renal 

transfection of heat shock protein 90 alpha 

or beta (Hsp90α or Hsp90β) protects 

against ischemia/reperfusion injury. 

Nephrology Dialysis Transplantation, 

29(2), pp.301–312.  

53. Aceros H., Der Sarkissian S., Borie M., 

Stevens L. M., Mansour S. and Noiseux N., 

(2019). Celastrol-type HSP90 modulators 

allow for potent cardioprotective effects. 

Life Sciences, 227, pp.8–19. 

54. Fan X. X., Li N., Wu J. L., Zhou Y. L., He 

J. X.,  Liu L. and Leung E. L. H., (2014). 

Celastrol induces apoptosis in gefitinib-

resistant non-small cell lung cancer cells via 

caspases-dependent pathways and hsp90 

client protein degradation. Molecules, 

19(3), pp.3508–3522.  

55. Szyller J. and Bil-Lula I., (2021). Heat 

Shock Proteins in Oxidative Stress and 

Ischemia/Reperfusion Injury and Benefits 

from Physical Exercises: A Review to the 

Current Knowledge. Oxidative Medicine 

and Cellular Longevity, 2021. 

56. Akagi R., Kubo T., Hatori Y., Miyamoto T. 

and Inouye S., (2021). Heme oxygenase-1 

induction by heat shock in rat hepatoma cell 

line is regulated by the coordinated function 

of HSF1, NRF2, AND BACH1. The 

Journal of Biochemistry, 170(4), 501-510.  

57. Sharma C. and Seo Y.H., (2018). Small 

molecule inhibitors of HSF1-activated 

pathways as potential next-generation 

anticancer therapeutics. Molecules, 23(11), 

2757.  

58. Kuboki, S. et al., (2007). Role of heat shock 

protein 70 in hepatic ischemia-reperfusion 

injury in mice. 

https://doi.org/10.1152/ajpgi.00491.2006, 

292(4), pp.1141–1149.  

59. Hensen S. M.M., Heldens L., Van Enckevort 

C. M.W., Van Genesen S. T., Pruijn G. J.M. 

Zakaria
Typewritten Text
13



Hepatic ischemia-reperfusion and reno-protective effect of Celastrol 

 

https://aijpms.journals.ekb.eg/ 

and Lubsen N. H., (2013). Activation of the 

antioxidant response in methionine 

deprived human cells results in an HSF1-

independent increase in HSPA1A mRNA 

levels. Biochimie, 95(6), pp.1245–1251. 

 60. Lee H. T., Park S. W., Kim M. and D'Agati 

V. D., (2008). Acute kidney injury after 

hepatic ischemia and reperfusion injury in 

mice. Laboratory Investigation 2009 89:2, 

89(2), pp.196–208.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Zakaria
Typewritten Text
14




