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 Abstract 

Background: Renal ischemia-reperfusion injury (IRI) is an intricate clinical 

pathophysiological phenomenon in which oxidative stress, apoptosis, and mitochondrial 

dysfunction play crucial roles. Aim: Validating the effect of humanin (HN) on kidney 

function in a renal IRI rat model, using its synthetic analogue, S14G-humanin (HNG). 

Methodology: Forty male Wistar rats were categorized into sham, HNG, IR, and IR-

HNG groups. Renal function and histopathological analysis were valued to estimate the 

pathological renal injury. Mitochondrial function was judged by measuring ATP 

production, mitochondrial transmembrane potential (ΔΨm), the electron transport chain 

(ETC) enzyme complex-I activity, and mitochondrial mitophagy-related genes of Drp1 

and Mfn2. Redox, inflammation, and apoptosis biomarkers were scrutinized. The renal 

PGC-1α, PI3K, AKT, and HIF-1α, coupled with P-JAK2, and P-STAT3 3 were 

evaluated. Bcl-2 and SIRT1 immunoreactivity were assessed. Results: Our findings 

elucidated that HNG’s reno-protective potential against IR-elicited renal damage and 

mitochondrial dysfunction is mostly mediated via activating the renal SIRT1 / PGC-1α, 

PI3K/AKT/ HIF-1α, and JAK2/STAT3 signaling. By targeting these crucial pathways, 

HNG could dampen the renal IR-provoked oxidative stress, inflammation, and apoptosis, 

and enhance mitochondrial mitophagy and biogenesis. Accordingly, HNG could be a 

promising therapeutic candidate for renal pathology allied with IRI.  
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 Introduction 

Renal ischemia-reperfusion injury (IRI), a major 

contributor to acute renal failure, is frequently 

encountered in urological surgeries and kidney 

transplantations, presenting a significant threat 

with high morbidity and mortality rates (1). 

Despite impressive medical advancements, the 

therapeutics available for renal IRI are still scarce 

(2). 

Renal IRI has a complex pathophysiology with 

several participating factors. The generated renal 

inflammatory cytokines, oxidative stress, injured 

tubular epithelium, and endothelial dysfunction all 

contribute to renal structural and functional 

derangements (2). 

Renal ischemia triggers mitochondrial dysfunction, 

ATP depletion, pathological pore formation, and 

apoptosis (3). It disrupts mitochondrial biogenesis 

by exacerbating mitochondrial fission, causing 

excessive fragmentation and damage. Fragmented 

mitochondria generate reactive oxygen species 

(ROS), serving as the initiator of subsequent renal 

tissue damage (4). In contrast, mitophagy, a 

subtype of autophagy, targets and eliminates 

damaged mitochondria, averting excess ROS 

production, pro-apoptotic factor release, and 

inflammatory responses (4). 

The protective role of NAD-dependent deacetylase 

sirtuin-1 (SIRT1) in renal ischemic injury is well 

documented, whereas its deficiency aggravates it 

(5). SIRT1-induced deacetylation of peroxisome/ 

proliferator-activated/receptor-gamma coactivator 

(PGC-1α) enhances its nuclear recruitment and 

transcriptional activation (5). PGC-1α, a chief 

controller of mitochondrial function and 

biogenesis, governs lipid metabolism and 

oxidative phosphorylation and modulates ROS 

generation (6). 

The phosphatidylinositol-3-kinase (PI3K)/protein 

kinase/B(AKT)pathway is fundamental in 

regulating essential cellular functions, involving 

cell proliferation, survival, apoptosis, and 

autophagy (7). Activating this pathway 

safeguards against IRI in various studies (7, 8). 

The oxygen-sensitive transcription factor known 

as hypoxia-inducible factor-1α (HIF-1α) is crucial 

for mitochondrial respiration and cellular oxygen 

balance, and records reno-protective criteria in 

renal IRI (9). 

The Janus kinase (JAK)/signal transducer and 

activator of transcription (STAT) system offers 

substantial protection against renal IRI(2). 

Conversely, inhibiting its activation reduces ATP 

synthesis, escalates ROS levels, and augments cell 

death in IRI (10). 

Humanin (HN) is a mitochondrial-derived peptide 

produced by various body tissues, including the 

heart, brain, and skeletal muscle. It plays a 

fundamental role in preventing stress-provoked 

cell damage, primarily by regulating the intrinsic 

mitochondrial pathway and exhibiting antioxidant, 

anti-apoptotic, and anti-inflammatory potential 

(11). S14G-humanin (HNG) is a synthetic HN 

analogue, engineered by replacing serine at 

position 14 with glycine, a modification that 

enhances its biological activity by approximately 

1,000-fold compared to native HN (12). 

Humanin and its analogs proved beneficial in 

various disease models, including age-related 

diseases, cardiovascular diseases, and diabetes 

mellitus (13). Nevertheless, limited studies have 

been conducted to validate HN’s protective 

criterion in renal experimental models. Moreover, 
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its impact on renal IRI has not been validated yet. 

Thus, this study is the first to explore the reno-

protective potential of HN, using its synthetic 

HNG analogue in a rat model of renal IRI, paving 

the way for its potential therapeutic application in 

various renal pathologies. 

2. Materials and methods 

2.1 Drugs and Chemicals: 

Synthetic humanin analogue (HNG) was obtained 

from Bucky Labs, Scottsdale, Arizona (CAS # 

330936-70-4), and was freshly prepared before 

administration by dissolving it in normal saline. 

The study employed high-purity chemicals sourced 

from Sigma Chemicals Co., St. Louis, MO, USA. 

 

2.2 Surgical model of renal IRI: 

Anesthesia for all rats was induced by injecting a 

ketamine and diazepam combination (75 mg/kg 

and 5 mg/kg) intraperitoneally (IP), and halothane 

inhalation (1%) was used to maintain anesthesia 

(14). After executing an abdominal midline 

laparotomy, the left kidney and its pedicle were 

isolated from the surrounding adipose tissue, and 

the left renal artery was clamped with a non-

traumatic vascular clamp for 45 minutes, followed 

by clamp removal to permit reperfusion for 24 

hours. Five minutes before the vascular clamp was 

removed, a right nephrectomy was carried out. A 

4-0 silk suture was then utilized to seal the skin 

layer and abdominal muscles. All surgical 

procedures were performed under complete aseptic 

conditions (14). 

2.3Animal grouping and experimental 

procedures: 

Forty male Wistar rats (220-250 g), acquired from 

Tanta Medical University’s animal house, were 

kept under 60±5% humidity, 22±2˚C with a 12-

hour light/dark cycle, and free water and food 

access. The execution of animal procedures was 

carried out with a strict commitment to national 

guidelines for animal care and was authorized by 

the local Institutional Animal Ethical Committee, 

Tanta University’s Faculty of Medicine, Egypt 

(approval No.36264PR488/12/23). 

Randomly, rats were allocated to four 

experimental groups after a week of 

acclimatization: 

i. Sham group: Left renal pedicle exploration 

without ischemia and right nephrectomy. 

About 0.5 ml of saline vehicle was IP 

injected. 

ii. HNG-treated group (HNG): Similar 

procedure to group I, but they received a 

single IP HNG injection of (252 μg/kg 

dissolved in 0.5 ml saline) (15). 

iii. IR group:45 min of left renal ischemia and 

right nephrectomy (14). About 0.5 ml saline 

vehicle was IP injected 30 min before the 

reperfusion period, which was allowed for 

24 hours. 

iv. Humanin-treated IR group (HNG-IR): 

Similar procedures were conveyed to group 

III, but they received HNG 252 μg/kg 

dissolved in 0.5 ml saline via IP injection 

once, 30 minutes before the reperfusion 

period, which lasted for 24 hours (15). 

 

2.4 Collection of urine, blood, and renal 

sampling: 

After completing the experiment, and for a 24-

hour urine collection, each rat was kept in its 

metabolic cage. Afterward, they were given a large 

dosage of pentobarbital sodium (40 mg/kg, IP) 

(16), after which they were sacrificed by cervical 
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dislocation, and blood samples were drawn from 

the rats’ hearts. Centrifugation was used to extract 

serum from blood samples kept at 20◦C for later 

biochemical analysis.  

Following a midline laparotomy, the left kidney 

was excised, rinsed with phosphate buffer saline 

(PBS), and then bisected into 3 portions; for 

histological and immunohistochemical studies, one 

portion was fixed in a 10% formaldehyde solution, 

while, the 2nd portion was wrapped in aluminum 

foil at – 80o C for molecular assay, and the 3rd 

portion was divided into 2 sections one for 

mitochondrial parameters and the other section 

was centrifuged after being homogenized in PBS 

(50 mM, pH 7.4), then the supernatant stored at – 

80o C for the biochemical studies and their protein 

concentrations were assessed sticky to the 

Bradford technique(17). 

 

2.5 Biochemical analysis: 

2.5.1 Evaluation of Kidney Function. 

Serum and urine creatinine were assayed using 

commercially available kits (Biodiagnostics, 

Egypt). In addition, the calculation of creatinine 

clearance (Cr. Cl.) was estimated using the 

following formula: Cr. Cl. (ml/min) = urine 

creatinine concentration (mg/dl) x urine volume 

(ml/24hrs) /plasma creatinine concentration 

(mg/dl)/1440(18). 

Serum levels of neutrophil gelatinase-

associated/lipocalin.(NGAL,Cat#MBS260195, 

MyBioSource-Company, San Diego, USA) and 

kidney injury molecule-1 (KIM-1), 

Cat#SEA785Ra, Uscn Life Science Inc., China) 

were calculated via enzyme-linked immunosorbent 

assay (ELISA) kits. 

2.5.2 Evaluation of redox state (MDA and GSH) 

and inflammatory cytokines (TNF-a and 

ICAM-1) in renal tissue. 

According to Ohkawa et al. (19), 

malondialdehyde (MDA) levels were assessed in 

renal tissue by a colorimetric method utilizing 

thiobarbituric acid (TBA), where the reactive 

components of TBA were detected at 532 nm. 

Furthermore, renal reduced glutathione (GSH) 

concentrations were assayed by the method of 

Beutler (20). The BTS 350 chemical analyzer, a 

semi-automatic spectrophotometer (Biosystems, 

Spain), was used to conduct the colorimetric 

assays. Afterward, levels of intercellular adhesion 

molecule 1(ICAM-1) and tumor necrosis factor- α 

(TNF- α) were quantified using MyBioSource rat-

specific ELISA kits (Cat# MBS451470 and 

MBS2507393) respectively.  

 

2.5.3 Assessment of mitochondrial function: 

Mitochondrial separation and preservation: 

 The mitochondria were separated by differential 

centrifugation, and the total procedure was 

executed at 4° C to preserve the mitochondria 

intact. Briefly, the assigned renal portion was 

homogenized in mitochondrial buffer and 

centrifuged at 700×g for ten minutes twice. After 

discarding the supernatant, the mitochondrial 

pellet was centrifuged for 10 minutes at 7000 x g 

after being rinsed twice with 5 ml of isolation 

buffer. A mitochondrial preservation solution 

containing 1 mM EDTA, 5 mM HEPES, 20 mM 

sucrose, 100 mM KCl, 10 mM KH2PO4, and 2 

mM MgCl2 was used to resuspend the purified 

mitochondrial pellet, which was then stored on ice 

for subsequent analysis. 

 



 Potential of Humanin in Renal Ischemia/Reperfusion Injury           433 

Mitochondrial functional assays: 

We used mitochondrial suspension to measure 

mitochondrial transmembrane potential (ΔΨm) 

using the methodology of Maity et al. (21) to 

assess changes in ΔΨm using a specific dye as an 

indicator of mitochondrial health and biogenesis.  

Mitochondrial ETC complex enzyme (I) activity 

and ATP production were also assessed using 

colorimetric kits provided by Abcam Co. 

(Cat#ab109721) and Elabscience Co. (Houston, 

TX, USA) (Cat#E-BC-K157-S), respectively. The 

specimens' absorbance was measured at 636 nm. 

The results were adjusted to the protein 

concentration in the mitochondrial suspension. 

2.5.4Assessment of the levels of PI3K and p-

JAK2, and p-STAT 3: 

The renal homogenate levels of PI3K, p-JAK2, 

and p-STAT were valued by rat-specific ELISA 

kits purchased from MyBioSource 

(Cat#MBS2505796, Cat#MBS7269637, Cat# 

MBS9900727) respectively. The procedure was 

executed following the steps outlined in the 

attached protocol. 

2.5.5 Molecular assessment of the mitochondrial 

mitophagy-related genes: dynamin-related 

protein 1 (Drp1) and mitofusin2 (Mfn2), 

caspase 3, PGC1-alpha, Akt, and HIF1α by 

Real-Time Reverse Transcription PCR (rt–

PCR). 

Following the manufacturer’s steps, the whole 

RNA was isolated by the Gene JET RNA 

Purification Kit. A Nanodrop spectrophotometer 

was employed to judge the RNA quality and 

quantity. The RNA was reverse transcribed into 

cDNA using the Revert Aid H Minus Reverse 

Transcriptase kit. Applying the cDNA as a 

template, the assigned genes’ relative expressions 

were determined using the Applied Biosystem, 

Step One Plus RT-PCR system (Thermo Fisher 

Scientific, SA, Australia). The primers were 

generated using Primer 5.0 software, with the 

following rat-specific sequences shown in (Table 

1). The relative levels of gene expression were 

determined using the cycle threshold (Ct) 

technique and standardized to the housekeeping 

gene (22). 

Table 1. Sequence-specific primers designed for qRT-PCR 

Gene Forward primer sequence Reverse sequence 

GenBank 

Accession 

number 

Drp1 5’-GCCCGTGGATGATAAAAGTG-3’ 5’-TGGCGGTCAAGATGTCAATA-3’ NM_053655.3 

Mfn2 5’-GAGAGGCGATTTGAGGAGTG-3’ 5’-CTCTTCCCGCATTTCAAGAC-3’ NM_130894.4 

caspase 3  5’-CCCATCACAATCTCACGGTAT-3’ 5’-GGACGGAAACAGAACGAACA-3’ NM_012922.2 

PGC1-

alpha 

5’-GGACGAATACCGCAGAGAGT-3’ 5’-CCATCATCCCGCAGATTTAC-3’ NM_176075.2 

Akt 5’-CGAGTCCCCACTCAACAACT-3’ 5’-GGTGAACCTGACCGGAAGTC-3’ NM_033230.2 

HIF 1α 5’-CAAAGACAATAGCTTTGCAGAATG-3’ 5’-ACGGTCACCTGGTTGCTG-3’ NM_024359.2 

GAPDH 5’- AGGTCGGTGTGAACGGATTTG -3’ 5’- GGGGTCGTTGATGGCAACA-3’ NM_017008.4 
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Graphical abstract shows the proposed mechanisms implicated in HNG’s potency against renal IRI in rats. 

 

2.5.6 Histological and immunohistochemical 

studies: 

Kidney parts were fixed in 10% formaldehyde 

solution, dehydrated in ascending alcohol grades, 

treated with xylol, and submerged in paraffin. A 

rotatory microtome (Leica, USA) cut five μm-

thick sections, which were then exposed to: 

2.5.6.1 Hematoxylin and eosin (H&E) stain 

(23): 

Used for studying general histological features. 

2.5.6.2 Immunohistochemical staining for 

detection of B-cell lymphoma-2 (Bcl-2) protein 

(24): 

The avidin-biotin-peroxidase technique was 

utilized to perform the immunostaining. A rabbit 

monoclonal Bcl-2 antibody (Sigma Aldrich, 

Egypt) served as the main antibody.  

The secondary antibody was a biotinylated goat 

antirabbit peroxidase-conjugated antibody (Nova 

Castra Laboratories Ltd, UK). 

Method:  

1- The process involved deparaffinizing tissue 

sections and incubating them in 10% hydrogen 

peroxide for 15 minutes to dampen peroxidase 

activity & diminish nonspecific background 

staining. 

2-Sections were soaked in a preheated buffer 

solution (pH 6), subjected to microwave heat for 

antigen retrieval for ten minutes, and then allowed 

to cool for twenty minutes. 

3- After two rounds of washing in buffer (0.05% 

sodium azide), the monoclonal primary antibody 

Bcl-2α Ab-1 (Ms-123-R7) was applied to the 

slides.  

4- Slides were rinsed four times with 0.05% 

sodium azide buffer, after which a biotinylated 

secondary antibody was employed, then incubated 

at room temperature for ten minutes and washed 

four times with buffer. 

5- After adding the chromogenic substrate, 

diaminobenzidine (DAB), the mixture was 

incubated until the desired reaction intensity was 
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accomplished. Mayer's hematoxylin was used as a 

counterstain. 

6-The Bcl-2 positive cytoplasmic reaction 

appeared brown, and the nuclei were stained blue. 

2.5.6.3 Immunohistochemical staining of 

paraffin sections for detection of SIRT1(25): 

kidney specimens were paraffin-embedded and 

sectioned. A goat serum-blocking solution (Bejing 

Zhongshan Jinqao Biotechnology Co., Ltd.) was 

applied dropwise for ten minutes. The samples 

were incubated overnight at 4°C with Sirt1 

primary antibody (1:100). A horseradish 

peroxidase-conjugated goat anti-mouse IgG 

2ryantibody (cat. No. ZDR-5307; 1:300; Bejing 

Zhongshan Jinqao Biotechnology Co., Ltd.) was 

incubated with the samples for thirty minutes at 

room temperature. Each 4-μm section was treated 

with 50 μl horseradish peroxidase-labeled 

streptavidin fluid (Beijing Zhongshan Jinqiao 

Biotechnology Co., Ltd.) followed by three 

minutes of DAB solution development. The nuclei 

were counterstained with hematoxylin for forty 

seconds and then dehydrated. The sections were 

covered and subjected to microscopic evaluation. 

The site of the positive reaction was stained 

brown.  

2.5.6.4 Morphometric studies:  

The software (Image J) (National Institutes of 

Health, Bethesda, Maryland, USA) was used for 

measuring the optical density of immunoreactivity 

in all experimental groups. The optical density of 

BcL2 and SIRT1 immunoreactivity was measured 

in Bcl2 and SIRT1 immunohistochemically stained 

sections, at a magnification of x400. 

2.6Statistical analysis: 

The mean ± standard deviation was used to depict 

the collected data. The normality of the data was 

assessed using the Shapiro-Wilk test. Turkey's post 

hoc test and one-way ANOVA were conducted to 

assess the significance. At p-values < 0.05, 

statistical significance was taken into account. For 

the statistical studies, GraphPad Prism 8.01 was 

utilized. 

 

Figure 1. Schematic representation of the whole experimental procedure. 
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3. Results 

3.1 Impact of HNG on IR-induced renal 

dysfunction 

As elucidated in Table 2, the serum creatinine 

level was higher, while creatinine clearance was 

lower, coupled with notably raised serum levels of 

NAGL and Kim-1 in the IR group against the 

sham one. Notably, the HNG-IR group revealed a 

substantial reversal of these abnormalities with an 

improved renal function comparable to the 

untreated IR group. 

Table 2. Impact of HNG on IR-induced renal dysfunction 

 Sham HNG IR HNG-IR 

Serum creatinine  

(mg/dl) 
0.47± 0.053 0.45± 0.059 1.69± 0.18

*#
 0.90±0.105

*#$
 

Creatinine 

clearance (ml/min) 
2.48±0.37 2.89±0.75 0.47±0.089

*#
 1.16±0.19

*#$
 

Serum NAGL 

(pg/ml) 
127.8±9.53 125.0±9.0 285.7±11.52

*#
 140.0±10.18

*#$
 

Serum Kim-1 

(pg/ml) 
75.77±6.51 72.49±6.65 737.6±24.14

*#
 360±23.9

*#$
 

p-value-significant (< 0.05), values presented as mean ± SD, (n=10). 
* 

Significant from sham group,
 #

 

significant from HNG group, 
$
 significant from the IR group. HNG, humanin analogue; IR, ischemia-

reperfusion.; NAGL; Neutrophil gelatinase-associated lipocalin, Kim-1; kidney injury molecule-1. 

 

3.2 Impact of HNG on IR-induced renal 

oxidative stress and inflammatory cascade 

Figure 2 revealed that renal ischemia prompted a 

remarkable increment in the renal MDA, TNFα, 

and ICAM-1 levels and the opposite for the renal 

GSH levels. In contrast, these parameters were 

dramatically reversed upon HNG intervention in 

the HNG-IR group relative to the IR group. This 

proves its strong antioxidant and anti-

inflammatory capabilities in this research.  

 

Figure 2. Impact of HNG on the IR provoked oxidative stress and inflammatory cascade 

A: Renal MDA (nmol/g tissue). B. Renal GSH (mg/mg protein). C. Renal TNF-α (pg/mg protein). D. Renal ICAM-1 

(ng/mg protein). p-value-significant (< 0.05), values presented as mean ± SD (n=10). * significant from sham group, 
#significant from HNG group, $ significant from the IR group. HNG, humanin analogue; IR, ischemia-reperfusion; 

MDA, Malondialdehyde; GSH, Reduced Glutathione; TNF-α, Tumor necrosis factor-alpha; ICAM-1, intercellular 

adhesion molecule.   
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3.3 Modulation of HNG to the IR elicited renal 

mitochondrial dysfunction and associated 

apoptosis 

The results of Table 3 revealed that the renal 

mitochondrial parameters (ATP levels, ΔΨm, ETC 

complex I activity) displayed a noteworthy 

diminution in the IR group against the sham one. 

Interestingly, HNG counteracted the renal 

ischemia's effects on the IR group's measured 

mitochondrial parameters as revealed by 

remarkably increased mitochondrial ATP levels, 

ΔΨm, ETC complex I activity in the HNG-IR 

group relative to the untreated IR one. 

Moreover, the results of Table 3 revealed that the 

IR group displayed an imbalance in the 

mitochondrial mitophagy-related genes with 

notable Drp1 upregulation and Mfn2 

downregulation relative to the sham group. 

Remarkably, HNG administration restored the 

mitophagy balance in the HNG-IR group, with a 

significant reversal of the Drp1, and 

Mfn2expression to approximate those of the sham 

group’s levels. In the same frame, the IR group 

notably upregulated the caspase-3 expression 

differentiated from the sham group. By 

administering HNG, caspase-3expression levels 

were dramatically attenuated.   

Table 3. Modulation of HNG on the IR elicited renal mitochondrial dysfunction and associated 

apoptosis 

 Sham HNG IR HNG-IR 

       ATP conc. 

(nmol/mg protein) 321.7±  22.78 319.5± 20.22 205.5± 18.55
*#

 270.2±18.26
*#$

 

         ΔΨm 

 (Fluorescence unit) 7.88±0.58 8.06±0.43 2.12±0.27
*#

 6.76±1.24
*#$

 

ETC complex enzyme (I) activity 

(nmol/min/mg protein) 34.52±3.26 32.86±2.49 16.03±1.13
*#

 22.51±2.29
*#$

 

Drp1 relative mRNA expression 

         (Fold change) 1.044±0.027 1.043±0.024 1.588±0.051
*#

 1.148±0.034
*#$

 

Mfn2 relative mRNA expression  

           (Fold change) 1.045±0.026 1.050±0.027 0.571±0.048
*#

 0.896±0.050
*#$

 

Caspase-3 relative mRNA expression 

           (Fold change) 1.021±0.039 1.046±0.035 3.253±0.100
*#

 2.095±0.060
*#$

 

 

p-value-significant (< 0.05), values presented as mean ± SD, (n=10). 
* 

significant from sham group, 
#
significant from HNG group, 

$
 significant from the IR group. HNG, humanin analogue; IR, ischemia-

reperfusion.; ATP, Adenosine triphosphate, ΔΨm; mitochondrial transmembrane Potential, ETC; Electron 

transport chain; Drp1, Dynamin-related protein 1; Mfn2, mitofusin 2. 

 

3.4 Impact of HNG on the IR-induced 

alteration in the renal PGC-1α, PI3K/AKT 

/HIF-1α pathway, and JAK2/STAT 3 system  

As depicted in Figure 3A, the IR group 

remarkably downregulated the PGC-1α expression 

compared with the sham group. By administering 

HNG, PGC-1αexpression levels were dramatically 

increased.  

Considering that the PI3K/AKT/ HIF-1α pathway 

contributes an integral reno-protective function in 
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IRI, we scrutinized their renal levels in all studied 

groups. Figure 3(B-D) depicted that the levels of 

PI3K and AKT were noticeably lower, while those 

of HIF-1α were higher versus the sham one. 

Intriguingly, the HNG-IR group exhibited an 

enormous rise in all these levels, comparable to the 

IR group. 

Regarding the JAK2/STAT3 pathway, the IR 

group revealed a distinct increase in their 

phosphorylated levels relative to the sham one. 

Interestingly, HNG administration to the HNG-IR 

group further enhanced their levels in a significant 

manner comparable to the IR group, as displayed 

in Figure 3(E,F). 

3.5 Impact of HNG on the renal histological 

structure 

As displayed in Figure 4A-B, the renal cortical 

sections of the sham & HNG groups exhibited 

normal histological architecture as glomerulus 

surrounded by a simple squamous parietal cell 

layer of Bowman's capsule with Bowman's space. 

Simple cuboidal epithelium lines the proximal 

convoluted tubules (PCTs) with a brush border, 

whereas the distal convoluted tubules (DCTs) are 

lined by simple cuboidal epithelium. 

The renal IR cortical sections presented a 

disturbance of the normal histological architecture 

due to renal injury. Shrunken necrotic glomeruli 

that had lost their cells, and others showing 

vacuolation with a widening of Bowman's space, 

were seen. Tubular necrosis in the form of brush 

border loss with shedding of tubular cells and 

debris in the lumen, tubular vacuolations, and 

pyknotic nuclei. Wide intertubular spaces and 

areas of hemorrhage were also seen as illuminated 

in Figure 4C. 

In contrast, the HNG-IR renal cortical sections 

restored the normal renal histological structure 

indicated by a normal glomerulus surrounded by 

Bowman's space with proximal and distal 

convoluted tubules. However, areas of hemorrhage 

and some tubules showing vacuolation still 

appeared, as displayed in Figure 4D. 

3.6 Impact of HNG on the renal Bcl-2 and 

SIRT1immunohistochemistry 

Figure 5(A-D) presents an assessment of the 

optical density of bcl2 immunostained sections, 

revealing that the sham & HNG groups showed 

positive expression of anti-apoptotic bcl2 in the 

form of intense brown coloration. Contradictory, 

the IR group displayed negative reactions of bcl2 

relative to both sham and HNG groups. 

Interestingly, the HNG-IR group showed a 

substantial increase in bcl2 expression with mild 

brown staining compared to the IR group. 

Moreover, examination of the optical density of 

SIRT1 immunostained sections revealed that both 

the sham & HNG groups showed strong brown 

staining and positive expression. In contrast, the IR 

group showed negative reactions to SIRT1 relative 

to the sham and HNG groups. Remarkably, the 

HNG-IR group showed moderate brown staining 

and a noteworthy rise in the SIRT1 expression 

relative to the IR group, as explicated in Figure 

5(E-H). 
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Figure 3. Impact of HNG on the IR-induced alteration in the renalPGC-1α, PI3K/AKT/HIF-1α pathway, and JAK2/STAT 

3 system 
A: Renal PGC-1α relative mRNA expression (Fold change), B: Renal PI3K (pg/mg protein), C: AKT relative mRNA expression, 

D: HIF-1α relative mRNA expression, E: Renal P-JAK2 (ng/mg protein), F: Renal P-STAT3 (pg/mg protein). p-value-significant 
(< 0.05), values presented as mean ± SD (n=10). *significant from sham group, 
#significant from HNG group, $ significant from the IR group. HNG, humanin analogue; IR, ischemia-reperfusion; PGC-1α, 
peroxisome proliferator-activated receptor-γ coactivator 1 alpha; PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase B; 
HIF1α, Hypoxia-inducible factor 1-alpha; JAK2, Janus kinase 2 gene; STAT3, signal transducer and activator of transcription 3. 

 

 

Figure 4. Impact of HNG on the renal histological structure 
The renal cortical sections of sham & HNG groups show a normal renal cortical histological architecture as glomerulus (G), 
surrounded by a simple squamous parietal cell layer (arrow head) of Bowman's capsule and Bowman's space (green arrow) 
appears. The PCTs (P) are lined by simple cuboidal epithelium with a brush border (black arrow) and DCTs (D) is lined by simple 

cuboidal epithelium. Interstitial blood vessels (V) appear among the renal tubules (Fig. 4 A- B). Section of IR renal cortex 
revealing disturbance of the normal architecture of the renal cortex due to renal injury. Necrosis of glomeruli that have lost their 
cells and appear shrunken (G1), another one showing vacuolation (G2) with a widening of Bowman's space (green arrow) are seen. 
Tubules showed loss of brush border with shedding of tubular cells and casts in the lumen. Tubules also show vacuolations (curved 
arrow) and pyknotic nuclei (yellow arrows). Wide intertubular spaces (black arrow) and areas of hemorrhage (H) were also seen 
(Fig. 4 C).  Section of the renal cortex of the HNG-IR group demonstrated regaining of the normal renal histological structure in 
the form of the normal glomerulus (G)surrounded by Bowman's space (green arrow), PCTs (P) and DCTs (D).  However, areas of 
hemorrhage (H) and some tubules showing vacuolation (yellow arrow) still appeared (Fig. 4D). Histological scores (Widening of 

Bowman's capsule, Tubular necrosis & Hemorrhage) (A- D ×400). 
* Significant from Sham group, 

# significant from HNG group, $ significant from IR group. 
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Figure 5. Impact of HNG on renal Bcl2 and SIRT1 immunostaining. 
Regarding the Bcl2 immunostaining, (A & B): Positive expression of Bcl2 in the sham and HNG groups respectively. (C): Negative 
expression of Bcl2 in the IR group (D): Positive Bcl2 expression in the HNG-IR group. 

Regarding the SIRT1 immunostaining, (E & F): Positive expression of SIRT1 in the sham and HNG groups respectively. (G): 
Negative expression of SIRT1 in the IR group. (H): Positive SIRT1 expression in the HNG-IR group. (black arrows: positive reaction) 
(A-H × 400). The color intensity of BCL2 and SIRT1immunoreaction in immunostained sections for all groups is shown. *Significant 
from the Sham group, #significant from the HNG group, and $ significant from the IR group. 

 

4. Discussion 

Our investigations have validated HNG’s 

alleviation of IR-incited renal dysfunction and 

injury allied with mitochondrial dysfunction, 

inflammation, oxidative stress, and apoptosis. 

HNG's beneficial effects could be possibly 

mediated via upregulating the SIRT1 / PGC-1α, 

PI3K/AKT/HIF-1α, besides 

JAK2/STAT3signaling pathways, illuminating 

avenues for the mitigating role of HNG in IR-

related renal damage. This study, to the best of our 

knowledge, represents the first documented 

evidence of HNG’s reno-protective potential in the 

IRI rat model. 

In concord with the established IRI 

pathophysiology (26, 27), the IR group exhibited a 

noteworthy deteriorated renal function, evinced by 

a remarkable rise in BUN and serum levels of 

creatinine, NAGL, and KIM-1 along with a 

reduction in Cr Cl, which was reinforced by the 

histological picture. In contrast, the HNG-treated 

group demonstrated a noteworthy improvement in 

these markers, referring to HNG’s anticipated 

reno-protective impact, as supported previously 

(28). 

Interestingly, our investigations clarified that the 

renal IR-exposed rats displayed raised levels of 

TNF-α, ICAM-1, and MDA with diminished GSH 

levels, convincing the IR provoked oxidative stress 
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and inflammatory response with concurrent renal 

damage (29). 

Mitochondrial oxidative stress and dysfunction are 

crucial pathogenic renal IRI factors. Renal IRI-

induced ROS directly damages the mitochondrial 

respiratory chain, ultimately increasing electron 

leakage in a vicious circle of ROS formation (30). 

Excess ROS release disrupts the calcium levels 

and ATP generation and persuades the 

mitochondrial permeability transition pores 

[MPTP] to open with a sequel loss of 

mitochondrial ΔΨm, which provokes apoptosis 

and necrosis (31). 

In line with this, a substantial decline in 

mitochondrial ATP levels, ΔΨm, ETC complex I 

activity was noted in renal tissue of IR-exposed 

rats, indicative of mitochondrial dysfunction with 

loss of membrane potential. Moreover, the 

mitochondrial fission/fusion balance was disrupted 

as evidenced by the raised levels of fission protein, 

Drp1, and declined those of fusion protein, Mfn2, 

coupled with increased caspase-3levels and 

decreased Bcl2 immunoreactivity. These data 

reflected mitochondrial dysfunction and 

fragmentation with subsequent apoptosis, which 

verified the IR-induced disruption in mitochondrial 

redox equilibrium, dynamics, and mitophagy, as 

consistent with prior research (6). 

Interestingly, our investigations revealed a 

significant reversal of all the previously mentioned 

parameters following HNG treatment. These 

findings documented HNG’s potent antioxidant 

and anti-inflammatory criteria (32), and its 

efficacy in restoring the mitophagy balance and 

mitigating mitochondrial dysfunction and 

fragmentation, which impacted apoptosis and 

prevented further renal damage. These 

observations align with existing research in other 

experimental models (15, 33, 34).  

To dissect HNG’s molecular mechanisms, we 

assessed the SIRT1/PGC-1α, PI3K/AKT/HIF-1α, 

and JAK2/STAT 3 signaling pathways to validate 

their possible involvement in mediating HNG’s 

reno-protective criterion. 

Intriguingly, our findings documented that HNG 

significantly enhanced the SIRT1 

immunoreactivity and PGC-1α expressional levels 

in treated IR rats compared to the untreated 

counterparts, which was consistent with earlier 

research (35–37), 

The SIRT1/PGC-1α pathway activation is well-

documented for alleviating mitochondrial 

dysfunction in renal (5), cerebral (38), and 

myocardial (39) ischemic injuries. During IRI, 

PGC-1α safeguards mitochondrial homeostasis by 

dampening ROS and activating mitochondrial 

biogenesis (40). It governs the quality control 

mechanisms in the mitochondria, involving fusion, 

fission, and mitophagy (41). By regulating nuclear 

factor-erythroid 2 related factor 2 (NRF-2), PGC-

1α can upregulate antioxidant genes and indirectly 

influence mitophagy-associated proteins such as 

Parkin and PTEN-induced/ putative/kinase 1 (40). 

Thus, HGN’s instigation of the SIRT1 / PGC-1α 

pathway may partly mediate its reno-protective 

potential in our model.  

Following Kim et al.(42) and Gao et al. (43), 

HNG intervention herein displayed a substantial 

boost of the PI3K/AKT/HIF-1α. This pathway was 

validated to confer reno-protection against IRI 

(44). Furthermore, exogenous HNG is believed to 

mitigate mitochondrial biogenesis by enhancing 

the PI3K/AKT pathway (45). 



 Hegab etal.,                                                                                                        442 

In renal IRI, augmenting the PI3K/Akt/ HIF-1α 

could boost autophagy and hamper apoptosis, 

oxidative stress, and the inflammatory cascade (7, 

46, 47). The enhanced expression of HIF-1α 

following IR constitutes an endogenous adaptive 

mechanism that shields the renal cells against 

ischemic injury (27). HIF-1α overexpression can 

inhibit the IRI-induced ROS generation and 

apoptosis in tubular cells through mitophagy-

mediated mechanisms (9). It can promote 

autophagy and regulate the tricarboxylic acid cycle 

in the mitochondria. Moreover, HIF-1α modulates 

mitochondrial dynamics and inhibits hypoxia-

induced mitochondrial fission through heme 

oxygenase-1 upregulation, potentially preventing 

tubular injury (48). 

Noteworthy, our investigations revealed that the 

IR-challenged kidneys displayed a considerable 

boost in p-JAK2 and p-STAT3 expression levels, 

which were further enhanced upon HNG 

treatment, as formerly observed (42, 43, 49). 

Activating JAK2/STAT3 has demonstrated 

promise in mitigating renal IR-associated injury by 

upregulating protective and anti-apoptotic proteins 

(2). Furthermore, STAT3 regulates mitochondrial 

bioenergy by influencing the ETC complexes I, II, 

and V, and inhibiting the MPTP formation by 

interacting with cyclophilin D, which ultimately 

stabilizes the mitochondrial ΔΨm and dampens the 

release of cytokines that provoke apoptosis (10). 

Thus, we could speculate that the HNG’s 

modulatory effect on IR-allied mitochondrial 

dysfunction and apoptosis may be mediated by 

activating the JAK2/STAT3 system. 

Moreover, the HNG's direct antioxidant criterion 

proved herein could improve mitochondrial 

dysfunction and enhance renal cell survival. In this 

context, Cai et al. (49) illuminated that HN exerts 

its protective effects both intracellularly and 

extracellularly. Intracellularly, HN safeguards 

mitochondrial function by hindering ETC 

complexes I and III, impeding ROS formation and 

fostering the NRF-2 pathway. Extracellularly, 

HN initiates various signaling pathways involving 

PI3K/AKT and JAK2/STAT3, which promote 

autophagy and diminish ROS production, 

contributing to cellular and mitochondrial 

protection, which matches our findings. 

Simultaneously, the direct anti-apoptotic effect of 

HNG reported previously (32, 51) and evinced 

herein by its instigation of Bcl-2 could dampen 

ROS release, maintain mitochondrial membrane 

permeability, and avert caspase-3 activation (1). In 

support, Means and Katz (50) elucidated that the 

Bcl-2 family regulates mitochondrial fission and 

fusion via interactions with Mfn2 and Drp-1. Drp1 

accumulation precedes cytochrome c release, 

caspase activation, and apoptosis, increasing 

mitochondrial fission. Meanwhile, Mfn2 

overexpression hinders apoptosis, cytochrome c 

release, and Bax activation. In addition, HN 

directly binds to Bax, blocking its mitochondrial 

translocation, hindering cytochrome-c release, 

ultimately impeding caspase-3 instigation and 

subsequent cell death (52). 

Collectively, we propose that the HNG’s 

attenuating impact against IR-induced oxidative 

stress, inflammation, mitochondrial dysfunction, 

and associated apoptosis may be mediated through 

the triggering of the SIRT1/PGC-1α, 

PI3K/Akt/HIF-1α, and JAK2/STAT3 pathways, 

which could be enforced by HNG's direct 

antioxidant and antiapoptotic properties. 
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5.Conclusions 

Our study revealed, for the first time, the reno-

protective potential of HNG against renal IRI. By 

triggering the SIRT1 / PGC-1α, PI3K/AKT/HIF-

1α, and JAK2/STAT3 signaling pathways, HNG 

exhibited a remarkable capability to hamper 

oxidative stress and inflammation, alleviate 

mitochondrial dysfunction and apoptosis, and 

restore the disturbed mitochondrial fission/fusion 

equilibrium, key contributors to renal IRI 

pathology. This newfound understanding of HNG's 

molecular mechanisms establishes a foundation for 

considering it a promising agent in antagonizing 

renal IRI-associated injury. Further investigation 

and clinical trials are essential to comprehensively 

elucidate HNG’s therapeutic potential, particularly 

in perioperative renal protection. 
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