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Abstract

Aims: A myokine secreted by skeletal muscles during exercise called irisin mitigates ischemia–

reperfusion (I/R) injury in epithelial cells of various organs by limiting damage to mitochondria. 

We test whether irisin may preserve the mitochondrial integrity and function in renal tubular 

epithelial cells and protect against ischemia–reperfusion-induced acute kidney injury (AKI).

Methods: We correlated serum irisin levels with serum creatinine and BUN levels from both 

AKI patients and healthy individuals. In mice with irisin administration, various renal injury 

markers such as serum creatinine, BUN, kidney injury molecule-1 (Kim-1), and neutrophil 

gelatinase-associated lipocalin (NGAL), and renal histopathology were assessed after I/R. To 

identify the potential mechanisms of the protective of irisin's protective effect, we perfused 

proximal tubules under confocal microscopy and analyzed kidney tissues by qPCR, western blot, 

and immunohistochemistry.

Results: Serum irisin correlated inversely with serum creatinine and BUN levels were 

significantly lower in AKI patients than in healthy subjects. Administering irisin to mice after 

I/R decreased biomarker levels for AKI including serum creatinine, BUN, Kim-1, NAGL and 

lessened histological changes. In kidney tissues of mice, irisin upregulated the mitochondrial 

autophagy marker protein microtubule-associated protein 1 light chain 3 (LC3), the mitochondrial 

autophagy pathway-related proteins PTEN-induced putative kinase 1 (PINK1) and Parkinson's 

disease 2 parkin (PARK2) and downregulated the reactive substrate protein sequestosome 1 (P62) 

and mitochondrial membrane proteins translocase of outer mitochondrial membrane 20 (TOM20) 

and translocase of inner mitochondrial membrane 23 (TIM23).

Conclusion: Irisin protects against renal I/R injury, which may involve the preservation of 

mitochondrial integrity and function.

Keywords

acute kidney injury; inflammasome activation; irisin; mitochondrial autophagy; renal ischemia–
reperfusion

1 ∣ INTRODUCTION

Acute kidney injury (AKI) is a sudden decline in renal function, with high mortality 

and treatment costs.1 The incidence of community-acquired AKI is reaching 10% among 

outpatients, 20%–30% among inpatients, and can be as high as 50% for intensive care 

unit (ICU) patients.2,3 Hospitalized patients with AKI show high mortality, reaching 50% 

for those requiring renal replacement therapy.2 Surviving AKI patients remain at greater 

risk for developing chronic kidney disease (CKD).4,5 Prompt preventive measures decrease 

the occurrence and improve the prognosis of AKI. Yet, current treatments for AKI often 

disappoint.6

Skeletal muscles may play a particular role in protecting the kidney from damage. Mild 

exercise training improves kidney function and is beneficial in renal injury,7,8 as is ischemic 

preconditioning of a remote limb muscle.9,10 How the crosstalk between skeletal muscle and 

kidney occurs is incompletely understood.
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Skeletal muscles secrete a multifunctional membrane protein fragment named irisin during 

exercise.11,12 Fibronectin type III domain containing protein 5 (FNDC5) forms blood borne 

irisin by hydrolyzation and cleavage.11,13,14 Several organs express irisin, including the 

nervous system, heart, kidneys and bone14,15 and irisin seems to protect these tissues from 

ischemic damage.10,16-19 Mitochondrial repair and mitochondrial autophagy may play a role 

in providing protection.20 Irisin mitigates ischemia–reperfusion (I/R) injury in epithelial 

cells of various organs, including the intestine and lungs by improving the mitochondrial 

function of epithelial cells.11

Renal tubular necrosis with secondary inflammatory responses is the key to ischemic 

AKI. Renal tubular cells have the most abundant mitochondrial content.21 Damaged or 

malfunctioning mitochondria are cleared by mitochondrial autophagy.19,22,23 Mitochondrial 

autophagy limits and repairs organ damage by ischemia and hypoxia.24 Thus, we 

hypothesize that irisin may preserve the mitochondrial integrity and function in renal tubular 

epithelial cells and protect against I/R-induced AKI.

To test this hypothesis, we measured serum irisin levels and correlated them with serum 

creatinine among both AKI patients and healthy individuals. We also examined and 

compared various serum biochemical parameters including creatinine, urea nitrogen (BUN), 

kidney injury molecule-1 (Kim-1), and neutrophil gelatinase-associated lipocalin (NGAL) 

alongside renal histopathology in ischemic AKI mice with and without the administration 

of exogenous irisin. Furthermore, we investigated the mechanisms underlying irisin's effects 

through microperfusion experiments of renal proximal tubules under confocal microscopy 

as well as analyses of kidney tissues using techniques such as qPCR, western blot, and 

immunohistochemistry.

2 ∣ RESULTS

2.1 ∣ Decreased serum irisin in AKI patients

Levels of serum creatinine and BUN were significantly higher in deceased organ donors who 

experienced pre-donation AKI patients than those in the Control group (256.8 ± 30.5 vs. 

61.9 ± 10.5 μmol/L, p < 0.001 and 17.1 ± 6.5 vs. 5.1 ± 1.0 mmol/L, p < 0.001). Conversely, 

serum irisin concentrations were significantly reduced (39.9 ± 8.2 vs. 76.7 ± 13.8 ng/mL, p 
< 0.001; Figure 1A-C). There is no significant difference between males and females in the 

Control group and the AKI group. The expression level of serum irisin in male and female 

of the AKI group was significantly lower than of the Control group respectively (Figure 1D). 

There was a negative linear correlation between serum irisin levels and renal function (r2 

= 0.1181, p = 0.0072 in creatinine and r2 = 0.1243, p = 0.0057 in BUN) in patients with 

ischemic AKI, suggesting that lower serum irisin levels are associated with poorer renal 

function (Figure 1E,F).

2.2 ∣ The therapeutic effect of irisin in ischemic AKI mice model

Mice in the I/R group have higher levels of serum creatinine, BUN, and kidney injury 

marker molecules Kim-1 and NAGL compared to the Sham group. Irisin improved renal 

function indicators and injury markers significantly decreased after I/R (Figure 2A-D). 
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Accordingly, the I/R + irisin group showed less renal tubular injury as compared to the 

I/R group. Compared to the I/R group, the I/R + irisin mice exhibited less tubular injury 

characterized by tubular cell depletion, tubular dilation, cast formation in the tubular lumens, 

and loss of brush border (Figure 2E). These data suggest that irisin reduced renal tubular 

injury.

2.3 ∣ Mechanisms of irisin action in AKI

Irisin alleviated mitochondrial damage: Damage to renal mitochondria was less in the I/R + 

irisin group compared to the I/R group. After hypoxic–reperfusion (H/R) injury in isolated 

active renal tubules, irisin administration into the chamber reduced mitochondrial damage 

(Figure 3B-E).

Irisin enhances mitochondrial autophagy: Compared to Sham group, both I/R and 

irisin upregulated mitochondrial autophagy marker protein LC3 and the mitochondrial 

autophagy pathway-related proteins PINK1 and PARK2. Reactive substrate protein P62 and 

mitochondrial membrane proteins TOM20 and TIM23 were downregulated. Compared to 

I/R group, I/R + irisin group also upregulated LC3, PINK1 and PARK2 and downregulates 

P62, TOM20 and TIM23. Thus, key mitochondrial autophagy component responses seemed 

to indicate greater mitochondrial autophagy with less mitochondrial damage for irisin-

treated mice (Figure 4).

Irisin reduced renal ROS production: By renal tubular microperfusion, we tested whether 

irisin reduced H/R injury by limiting ROS production. Renal tubular ROS production 

increased by H/R. However, in the H/R + irisin group, we found less tubular ROS production 

when compared with the former. In the whole animal, the I/R + irisin group exhibited 

decreased expression of hydrogen peroxide and malondialdehyde (MDA) and increased 

expression of SOD to the I/R group. Thus, irisin appeared to reduce ROS production by 

ischemia–reperfusion both in vitro and in vivo (Figure 5).

2.4 ∣ Irisin reduced the activation of NLRP3 inflammasome and downstream pro-
inflammatory factor release

We further investigated whether irisin could inhibit the downstream inflammatory response 

caused by ROS and thereby alleviate renal injury. The I/R + irisin group showed less 

expression of kidney inflammation-related proteins, such as P38, NLRP3, and NLRP3 

inflammasome-related proteins, including ASC; and caspase-1 compared to the I/R group. 

Moreover, inflammatory factors IL-1β and TNF-α were reduced in the I/R + irisin group 

compared to the I/R group. Irisin might limit pro-inflammatory factors by attenuating 

NLRP3 inflammasome activation, ultimately alleviating renal I/R injury (Figure 6).

3 ∣ DISCUSSION

Irisin protects against I/R injury of various organs.10,16,18,19 This study assesses whether 

the kidney may be included in the group of organs potentially benefitting from irisin 

supplementation after an ischemic event.
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Patients with ischemic AKI show significantly decreased irisin concentrations in the serum, 

which correlate inversely with their renal function markers. When supplementing irisin after 

renal I/R injury in a mouse model, renal injury is decreased. Mechanistically, the presented 

data are compatible with the view that irisin enhances mitochondrial autophagy to clear 

damaged mitochondria. In consequence, ROS production decreases and NLRP3 validation 

body activation lessens with the effect of lowering downstream pro-inflammatory factors 

TNF-α and IL-1β (Figure 7).

Irisin is a multifunctional protein secreted by skeletal muscles, first discovered and named 

by Bostrom et al.11 Irisin is a matter of extensive study due to its association with chronic 

metabolic diseases such as obesity and diabetes.25-27 Circulating irisin is related to various 

disease states, including but not limited to, type 2 diabetes, CKD, and hypothyroidism.28-31 

Irisin may also serve as a biomarker for acute myocardial infarction and a clinical prognostic 

indicator for acute pancreatitis.16,18 The present study shows reduced serum levels of irisin 

in patients with ischemic AKI. What is more, patient irisin levels correlate inversely with 

their renal function markers raising the question, of whether serum irisin concentration may 

serve as a biomarker for ischemic AKI and its severity as well.

Irisin also has anti-inflammatory, anti-apoptotic, and antioxidant effects in various 

settings.32 In an acute lung injury mouse model, irisin administration preserves the alveolar 

epithelium.33 Accordingly, in acute stroke models, irisin reduces neuronal damage and 

improves cognitive function by activating protein kinase B (Akt) and extracellular signal-

regulated kinases 1/2 (ERK1/2) signaling pathways.34

Concerning the kidney, irisin inhibits the epithelial–mesenchymal transition (EMT) to lessen 

fibrosis.35 Moderate exercise in patients with chronic kidney disease significantly increases 

serum irisin levels and delays CKD progression.28 Furthermore, preventive administration of 

irisin before AKI in mice can have a protective effect, and its mechanism may be related 

to uncoupling protein 2 (UCP-2).36 Irisin seems affected by sex since higher plasma irisin 

levels are observed in men than women.37,38 However, the present study shows no such 

difference in either group (Figure 1). There are potential confounders that may influence 

irisin levels, such as the sample size, age, and activity intensity of patients included.14

Diagnosing ischemic AKI early is challenging and improved therapy is much desired. 

In this study, we share irisin's therapeutic effect on renal I/R injury in a mouse model. 

The pathophysiology of renal I/R injury appears to be characterized by a complex 

cascade of oxidative damage contributing to tubular injury with ultrastructural changes 

in mitochondria.39,40 Tang et al. showed that PINK1-parkin RBR E3 ubiquitin protein 

ligase (PRKN)-mediated mitophagy plays an important role in mitochondrial quality 

control, tubular cell survival, and renal function in both in vitro and in vivo models 

of ischemic AKI.41 The mechanism underlying irisin's protective effect on remote 

target organs is incompletely understood.19 The irisin receptor αV integrin was recently 

detected on the cell membrane, supporting irisin's potential as a circulating factor.14 Irisin 

regulates gene expression, mitosis, cell metabolism, apoptosis, and differentiation through 

mitogen-activated protein kinases (MAPKs), P38/ERK1/2, glucose transporter 4 (GLUT4), 

UCP1 mitochondria, and other pathways.15,20,25 However, the specific regulatory network 
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mechanism by which irisin exerts therapeutic effects in renal I/R injury remains unclear. The 

data presented here indicate a possible irisin effect by enhancing mitochondrial autophagy, 

reducing ROS production, and inhibiting NLRP3 inflammasome activation. Mitochondria 

are most abundant in renal tubular cells.42 They play a crucial role in ischemic hypoxia 

necrosis of renal tubular cells, which is a key feature of ischemic AKI.43,44

The best-described pathway inducing mitophagy is driven by PINK1 and PRKN. The vast 

majority of the studies investigating the role of mitophagy in physiological or pathological 

conditions focus on the PINK1-PRKN pathway.45 Mitochondrial autophagy selectively 

degrades damaged or malfunctioning mitochondria through receptor protein signaling 

pathways such as PINK1 and directed fusion with lysosomes mediated by LC3.46,47 

Therefore, mitochondria uphold cellular metabolism and survival. Both I/R and irisin cause 

autophagy activation which induced a significant increase in PINK1, PARK2, and LC3 and a 

decrease in P62 expression through the PINK1-PRKN pathway. It also induced a significant 

decrease in mitochondrial membrane marker proteins TIM23 and TOM20 (Figure 4). 

Enhancing mitochondrial autophagy may be an important therapeutic target for alleviating 

ischemic and hypoxic damage to various organs and delaying aging.46,48 Irisin mitigates 

damage by high glucose concentrations by mitochondrial autophagy through the adenosine 

monophosphate-activated protein kinase (AMPK)/sirtuin 1 (SIRT1)/peroxisome proliferator 

activated receptor-γco-activator (PGC) pathway.49 In hypertrophic cardiomyopathy, irisin 

induces LC3 expression upregulation and mitochondrial autophagy.50 We used renal tubular 

microperfusion to show that irisin alleviates mitochondrial damage and reduces ROS 

production in renal tubular cells after H/R injury. Irisin appears to maintain mitochondrial 

function by enhancing mitochondrial autophagy via upregulating the expression of related 

proteins PINK1 and PARK2, as well as the marker protein LC3. By reducing downstream 

NLRP3 inflammasome activation, irisin decreased the levels of inflammatory factors such as 

TNF-α and IL-1β.

A major limitation of this study is the still incompletely identified mechanisms of action. 

Studies using gene knockout mice or inhibitors may enhance our understanding of the 

interplay between ROS, mitochondrial autophagy, and NLRP3 inflammasome activation. In 

addition, although the histological outcomes were analyzed in a blinded fashion, the delivery 

of samples was not blinded. As injury severity is critically dependent on the duration of 

ischemia, operator experience, etc., are potential confounders.

4 ∣ MATERIALS AND METHODS

This study was approved by the research ethics committee at the First Affiliated Hospital, 

College of Medicine, Zhejiang University (No: IIT2020-789).

4.1 ∣ Correlation between peripheral serum irisin level and renal injury in patients with 
ischemic AKI

This study recruited 37 donations from January 1, 2018 to October 30, 2020 in the 

First Affiliated Hospital of Zhejiang University Medical College's Renal Disease Center. 

Informed consent was obtained from all the patients' relatives after fully explaining the 

purpose, nature, and risk of all procedures used. Authorized family members provided 
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consent for organ donation. They also signed informed consent to participate in clinical 

trials themselves. The AKI group comprised 37 individuals who experienced ischemic 

AKI, but had not received continuous renal replacement therapy (CRRT) before donation. 

They were enrolled after cardiac death (DCD) or brain death (DBD). Inclusion criteria 

were age older than 18 years; diagnosis of ischemic AKI; increase in SCr ≥0.3 mg/dL 

(≥26.5 μmol/L) within 48 h or increase in SCr ≥1.5 times baseline, which was known 

or presumed to have occurred within the prior 7 days or urine volume<0.5 mL/kg/h for 

6 h. Exclusion criteria were suspected diagnosis of drug-induced AKI; end-stage renal 

failure or renal transplantation; and suspected COVID-19 infection. The Control group 

comprised 20 individuals who were relatives of kidney transplant donors and had preserved 

peripheral blood samples before surgery. Inclusion criteria were age older than 18 years; SCr 

between 6 and 1.3 mg/dL; glomerular filtration rate (GFR) between 90 and 120 mL/min. 

Exclusion criteria were hematuria or proteinuria; history of AKI or CKD; and suspected 

COVID-19 infection. The study collected demographic data, clinical information, and renal 

function indicators. The blood and kidney biopsy (renal cortex) samples were collected 

from cadaveric donors during organ procurement in the Kidney Disease Center of the 

First Affiliated Hospital, Zhejiang University School of Medicine under the approval of 

the Institution Review Board (IRB) from First Affiliated Hospital, College of Medicine, 

Zhejiang University. Samples were immediately cooled to 4°C and centrifuged at 1000g 
for 10 min at 4°C. The serum was collected and stored at −70°C until analyzed. The 

concentrations of serum creatinine and BUN were measured with an autoanalyzer (Cobas 

8000; Roche, Mannheim, Germany). The serum was diluted 1000 times in this experiment 

and the protein levels of serum irisin were assayed by an ELISA kit (Cloud-Clone 

Company).

4.2 ∣ Therapeutic effect and mechanism of irisin on renal I/R injury in mice

All animal experiments were conducted under the guidelines of the Animal Protection and 

Ethics Committee of the Experimental Animal Center of Zhejiang University School of 

Medicine and approved by the committee (No: 2020-1556).

4.2.1 ∣ Animal study experimental protocol—Male C57BL/6 mice (25 ± 3 g, 

8–10 weeks, Shanghai Slake Experimental Animal Company) were anesthetized with 

pentobarbital (50 mg/mL ip), and body temperature was controlled at 36.8–37.2°C during 

surgery with a temperature controlled operating table (Vestavia Scientific). Mice were 

randomly assigned to four mutually exclusive groups. In the ischemic kidney injury 

model (I/R group), mice's bilateral kidney pedicles were exposed and clamped to induce 

ischemia for 18 min, followed by 24 h of reperfusion. Irisin (8880-IR, R&D Systems) 

was preserved in a manual defrost freezer at −80°C. The dosage was 250 μg/kg body 

weight as reported previously.51 In the I/R + irisin group, following the release of clamps, 

irisin was reconstituted at 100 μg/mL in PBS containing 0.1% bovine serum albumin and 

administrated with a 29-gauge needle via penile vein injection at a single bolus of 200 μL 

solution (250 μg/kg body weight). In the Sham group, mice's renal pedicles were passively 

dissociated, but were not subjected to I/R treatment. The temperature and operation time 

were also controlled, and then the abdomen was closed for resuscitation; In the Sham+irisin 

group, mice received an injection of a single bolus of irisin (250 μg/kg) via the penile 
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vein after sham surgery. Buprenorphine was given via subcutaneous injection at a dosage 

of 0.1 mg/kg for analgesia. The first dose was given at surgery and then every 8 h after 

surgery up to 24 h. Mice were lightly anesthetized with 1% pentobarbital, (80 mg/kg body 

weight) through intramuscular injection. Blood was collected into heparinized capillary 

tubes through the retro-orbital venous sinus. Samples were stand for 45 min in EP tube and 

centrifuged at 3000g for 10 min at 4°C and serum was collected and stored at −80°C until 

analyzed. Serum samples and renal tissue were taken 24 h after surgery processing as the 

indicators of injury severity reached the peak while the animal survival rate remained stable.

4.2.2 ∣ Morphological evaluation with light microscopy—The kidneys were 

harvested at the end of experiments, fixed in 4% paraformaldehyde solution overnight, 

and then embedded in paraffin, as we have previously described.52,53 Kidney slices (2 μm) 

were cut and treated with Periodic Acid-Schiff stain (PAS). The tubular injury scoring was 

evaluated by two pathologists who were initially blinded to the experiment.

4.2.3 ∣ Immunofluorescence—Renal tubular cells' nuclei were stained using DAPI 

fluorescent DNA-binding dye Kit (Abcam, UK). According to the manufacturer's 

instructions, renal tubular cell apoptosis was determined by terminal-deoxynucleoitidyl 

transferase mediated nick end labeling (TUNEL) staining using the TUNEL assay Kit 

(Abcam, UK). The sections were observed in the light microscope by an investigator who 

was initially blinded to treatment groups.

4.2.4 ∣ Immunohistochemical analysis—The kidney tissue samples were 

immediately frozen in liquid nitrogen for protein quantitative assay and 

immunohistochemical analysis. Parkinson's disease 2 parkin (PARK2), PTEN-induced 

putative kinase 1 (PINK1), and superoxide-dismutase-2 (SOD2) in mice kidneys were 

detected according to the manufacturer's instructions. The 5 μm thick kidney paraffin-

embedded sections cut from the tissue blocks were subjected to standard procedure for 

dewaxing, antigen retrieval (10 mM sodium citrate, pH 6.0), and blocking (5% BSA in PBS) 

before antibody staining. The tissue sections were stained with PARK2, PINK1, and SOD2 

primary Abs (1:500, Abcam, USA) at 4°C overnight followed by secondary fluorescent 

antirabbit Abs (1:1000, ThermoFisher, USA). All images were taken using a Leica DM 4000 

B scanning confocal microscope (Leica, USA) and were analyzed by an investigator who 

was initially blinded to the treatment groups with five randomly selected fields of each slide 

semi-quantified.

4.2.5 ∣ Western blot analysis—Protein extracts from kidneys were separated on 7.5% 

SDS-PAGE gels as we have previously described.52 The membranes were blocked with 

5% BSA for 1 h at room temperature. The primary antibodies against sequestosome 1 

(P62), microtubule-associated proteins 1 light chain 3a (LC3a), microtubule-associated 

proteins 1 light chain 3b (LC3b), translocase of outer mitochondrial membrane 20 (TOM20), 

translocase of inner mitochondrial membrane 23 (TIM23), β-Actin, SOD2, phosphorylation 

of p38 (P-P38), P38 mitogen-activated protein kinase (T-P38) NOD-like receptor protein 

3 (NLRP3), apoptosis-associated speck-like protein containing a CARD (ASC), casepase-1 

and interleukin-1β (IL-1β) were diluted according to instruction (Abcam, UK). And then 

Cui et al. Page 8

Acta Physiol (Oxf). Author manuscript; available in PMC 2025 March 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



incubated membranes overnight (at 4°C) with antibodies. Subsequently, the membranes 

were washed (3 × 10 min), then incubated with a horseradish peroxidase-conjugated 

secondary antibody (goat anti-mouse IgG; 1:300000; Bio-Rad, Hercules, CA) for 1 h at 

room temperature. They were then washed again (3 × 10 min), and the immunoreactive 

bands were detected by the ChemiDoc System (Bio-Rad, Hercules, CA) and quantified by 

ImageLab software (Bio-Rad, Hercules, CA). Normalization was performed by stripping the 

membranes with restore western blot stripping buffer (Thermo Fisher Scientific, Waltham, 

MA) for 15 min at room temperature and incubating them with β-actin antibody (mouse 

monoclonal IgG; 1:5000; Sigma, St. Louis, MO).

4.2.6 ∣ Measurement of mrna expression by qPCR—We measured the mRNA 

levels of inflammatory-related genes: tumor necrosis factor-α (TNF-α) and IL-1β 24 h after 

surgery. Total RNAs were extracted from the left kidney and digested with RNase-free 

DNase (Promega, Fitchburg, WI). Reverse transcription was performed to synthesize cDNA 

templates as we described previously.54 QPCR analysis was performed using iTaq Universal 

SYBR Green Supermix (Bio-Rad, Hercules, CA) and CFX96 Real-Time Detection System 

(Bio-Rad, Hercules, CA) according to the manufacturer's protocol. The reaction conditions 

were 95°C for 1 min, followed by 40 cycles of 95°C for 15 s and 60°C for 30 s. 

The comparative Ct method (2−ΔΔCt) was used to analyze data and calculate the relative 

mRNA expression levels. The primer sequences and accession numbers are listed in the 

supplementary material.

4.2.7 ∣ Enzyme-linked immunosorbent assay of cytokines analysis—Serum 

Kim-1 and NGAL levels were measured using enzyme-linked immunosorbent assay 

(ELISA) kits (Bio-Rad, Hercules, CA) as we previously described.55 The detection range 

is 0.16–10 ng/mL and 39.06–2500 pg/mL respectively. Serum was diluted 2 times and 

100 times respectively in these experiments. Then serum irisin was measured using ELISA 

kits (#SEN576Hu, CLOUD-CLONE Inc., Wuhan, China) according to the manufacturer's 

instructions. The serum was diluted 1000 times with 1% PBS. Briefly, prepare standard 

substances, reagents, and samples before the experiment; add 100 μL of the sample, and 

incubate at 37°C for 1 h; discard and add 100 μL of detection solution A, incubate at 37°C 

for 1 h; wash the plate 3 times with PBS; add 100 μL of detection solution B, incubate at 

37°C for 30 min; wash the plate 5 times; add 90 μL of TMB substrate, incubate at 37°C 

for 10–20 min; add 50 μL of stop solution, immediately read at 450 nm. Samples used 

for ELISA assays were coded, and the laboratory investigator was initially blinded to the 

treatment groups.

4.2.8 ∣ Tubular microperfusion—Isolation and microperfusion of proximal tubules: 

Briefly, mice were anesthetized with isoflurane, and kidneys were removed and sliced 

along the corticomedullary axis. Slices were placed in ice-cold DMEM and dissected 

under a stereomicroscope. A single proximal tubule attached glomerulus was isolated 

and then the glomerulus was cut away. Next, the proximal tubule was transferred to a 

temperature-controlled chamber on the stage of confocal microscopy and perfused using a 

micromanipulator system with concentric holding and perfusion pipettes, as we previously 

described.56-58
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The measurements of the mitochondrial damage and reactive oxygen species (ROS) in 

proximal tubules: the isolated proximal tubule was incubated with JC-1(5 μM; Thermo 

Fisher Scientific, MA, USA) or dihydroethidium (DHE) (5 μM; Apexbio, TX, USA) probes 

in DMEM for 30 min and then washed with DMEM. During this period, the bath solution 

and tubular perfusate were maintained with an air-bubbled solution for 30 min and then 

switched to the solution bubbled with nitrogen-inducing hypoxia for 20 min, followed by 

administration of irisin (1 μg/mL) and reoxygenation with the air bubbled solution for 30 

min. Images were captured before tubular hypoxia and right after 30 min of reoxygenation 

using confocal microscopy (Olympus FV500). The fluorescent intensity was quantified 

using Image J software.

4.3 ∣ Statistical analysis

Statistical analysis was performed using Prism Graph 9.0. Qualitative variables were 

analyzed with Fisher's exact test and Pearson's chi-squared test. Quantitative variables were 

analyzed with the Student's t-test when the data were normally distributed, whereas the 

Mann–Whitney test or Kruskal–Wallis test were used for non-normally distributed data. p < 

0.05 indicates statistical significance.

5 ∣ CONCLUSION

This study provides a basis for testing irisin as a therapeutic drug for ischemic AKI. Irisin 

may serve as a candidate biomarker for ischemic AKI and its progression. Irisin's protective 

effect could involve enhancing mitochondrial autophagy by upregulating mitochondrial 

autophagy marker protein LC3 to reduce downstream NLRP3 inflammasome activation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

FUNDING INFORMATION

This work was supported by Yu Cui by grants from the National Natural Science Foundation of China (82100796, 
81970647), to En Yin Lai, Andreas Patzak and Pontus B. Persson from Deutsche Forschungsgemeinschaft (German 
Research Foundation) Project 394046635-SFB 1365, En Yin Lai is a Mercator Fellow supported by the German 
Research Foundation Project 394046635-SFB 1365, to Liang Zhao from the Huadong Medicine Joint Funds of the 
Zhejiang Provincial Natural Science Foundation of China under Grant No. LHDMZ23H050002, and to Shan Jiang 
from National Nature Science Foundation of China (82100448).

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available on request from the 

corresponding author. The data are not publicly available due to privacy or ethical 

restrictions.

REFERENCES

1. Ronco C, Bellomo R, Kellum JA. Acute kidney injury. Lancet. 2019;394(10212):1949–1964. 
[PubMed: 31777389] 

Cui et al. Page 10

Acta Physiol (Oxf). Author manuscript; available in PMC 2025 March 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2. Susantitaphong P, Cruz DN, Cerda J, et al. World incidence of AKI: a meta-analysis. Clin J Am Soc 
Nephrol. 2013;8(9):1482–1493. [PubMed: 23744003] 

3. Al-Jaghbeer M, Dealmeida D, Bilderback A, Ambrosino R, Kellum JA. Clinical decision support for 
in-hospital AKI. J Am Soc Nephrol. 2018;29(2):654–660. [PubMed: 29097621] 

4. He L, Wei Q, Liu J, et al. AKI on CKD: heightened injury, suppressed repair, and the underlying 
mechanisms. Kidney Int. 2017;92(5):1071–1083. [PubMed: 28890325] 

5. Hoste EAJ, Kellum JA, Selby NM, et al. Global epidemiology and outcomes of acute kidney injury. 
Nat Rev Nephrol. 2018;14(10):607–625. [PubMed: 30135570] 

6. Moore PK, Hsu RK, Liu KD. Management of acute kidney injury: core curriculum 2018. Am J 
Kidney Dis. 2018;72(1):136–148. [PubMed: 29478864] 

7. Delbin MA, Antunes E, Zanesco A. Role of exercise training on pulmonary ischemia/reperfusion 
and inflammatory response. Rev Bras Cir Cardiovasc. 2009;24(4):552–561. [PubMed: 20305929] 

8. Formigari GP, Dátilo MN, Vareda B, et al. Renal protection induced by physical exercise may be 
mediated by the irisin/AMPK axis in diabetic nephropathy. Sci Rep. 2022;12(1):9062. [PubMed: 
35641586] 

9. Pan T, Jia P, Chen N, et al. Delayed remote ischemic preconditioning ConfersRenoprotection against 
septic acute kidney injury via Exosomal miR-21. Theranostics. 2019;9(2):405–423. [PubMed: 
30809283] 

10. Chen K, Xu Z, Liu Y, et al. Irisin protects mitochondria function during pulmonary ischemia/
reperfusion injury. Sci Transl Med. 2017;9(418):eaao6298. doi:10.1126/scitranslmed.aao6298 
[PubMed: 29187642] 

11. Bostrom P, Wu J, Jedrychowski MP, et al. A PGC1-alpha-dependent myokine that drives brown-
fat-like development of white fat and thermogenesis. Nature. 2012;481(7382):463–468. [PubMed: 
22237023] 

12. Jedrychowski MP, Wrann CD, Paulo JA, et al. Detection and quantitation of circulating human 
irisin by tandem mass spectrometry. Cell Metab. 2015;22(4):734–740. [PubMed: 26278051] 

13. Aydin S, Kuloglu T, Aydin S, et al. The effect of iloprost and sildenafil, alone and in combination, 
on myocardial ischaemia and nitric oxide and irisin levels. Cardiovasc J Afr. 2017;28(6):389–396. 
[PubMed: 28906529] 

14. Kim H, Wrann CD, Jedrychowski M, et al. Irisin mediates effects on bone and fat via alphaV 
integrin receptors. Cell. 2018;175(7):1756–1768. [PubMed: 30550785] 

15. Maak S, Norheim F, Drevon CA, Erickson HP. Progress and challenges in the biology of FNDC5 
and irisin. Endocr Rev. 2021;42(4):436–456. [PubMed: 33493316] 

16. Yan W, Chen Y, Guo Y, et al. Irisin promotes cardiac homing of intravenously delivered MSCs 
and protects against ischemic heart injury. Adv Sci (Weinh). 2022;9(7):e2103697. [PubMed: 
35038246] 

17. Gul-Kahraman K, Yilmaz-Bozoglan M, Sahna E. Physiological and pharmacological effects of 
melatonin on remote ischemic perconditioning after myocardial ischemia-reperfusion injury in 
rats: role of Cybb, Fas, NfkappaB, irisin signaling pathway. J Pineal Res. 2019;67(2):e12589. 
[PubMed: 31155748] 

18. Ren Y, Qiu M, Zhang J, et al. Low serum irisin concentration is associated with poor outcomes 
in patients with acute pancreatitis, and irisin administration protects against experimental acute 
pancreatitis. Antioxid Redox Signal. 2019;31(11):771–785. [PubMed: 31250660] 

19. Liu Y, Fu Y, Liu Z, et al. Irisin is induced in renal ischemia-reperfusion to protect against tubular 
cell injury via suppressing p53. Biochim Biophys Acta Mol basis Dis. 2020;1866(7):165792. 
[PubMed: 32251763] 

20. Rabiee F, Lachinani L, Ghaedi S, Nasr-Esfahani MH, Megraw TL, Ghaedi K. New insights into the 
cellular activities of Fndc5/irisin and its signaling pathways. Cell Biosci. 2020;10:51. [PubMed: 
32257109] 

21. Gonsalez SR, Cortes AL, Silva RCD, Lowe J, Prieto MC, Silva Lara LD. Acute kidney 
injury overview: from basic findings to new prevention and therapy strategies. Pharmacol Ther. 
2019;200:1–12. [PubMed: 30959059] 

22. Tang C, Cai J, Yin XM, Weinberg JM, Venkatachalam MA, Dong Z. Mitochondrial quality control 
in kidney injury and repair. Nat Rev Nephrol. 2021;17(5):299–318. [PubMed: 33235391] 

Cui et al. Page 11

Acta Physiol (Oxf). Author manuscript; available in PMC 2025 March 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Um JH, Yun J. Emerging role of mitophagy in human diseases and physiology. BMB Rep. 
2017;50(6):299–307. [PubMed: 28366191] 

24. Pickles S, Vigie P, Youle RJ. Mitophagy and quality control mechanisms in mitochondrial 
maintenance. Curr Biol. 2018;28(4):R170–R185. [PubMed: 29462587] 

25. Perakakis N, Triantafyllou GA, Fernandez-Real JM, et al. Physiology and role of irisin in glucose 
homeostasis. Nat Rev Endocrinol. 2017;13(6):324–337. [PubMed: 28211512] 

26. Lee P, Linderman JD, Smith S, et al. Irisin and FGF21 are cold-induced endocrine activators of 
brown fat function in humans. Cell Metab. 2014;19(2):302–309. [PubMed: 24506871] 

27. Guo M, Yao J, Li J, et al. Irisin ameliorates age-associated sarcopenia and metabolic dysfunction. J 
Cachexia Sarcopenia Muscle. 2023;14(1):391–405. [PubMed: 36510115] 

28. Peng H, Wang Q, Lou T, et al. Myokine mediated muscle-kidney crosstalk suppresses metabolic 
reprogramming and fibrosis in damaged kidneys. Nat Commun. 2017;8(1):1493. [PubMed: 
29138395] 

29. Sahin-Efe A, Upadhyay J, Ko BJ, et al. Irisin and leptin concentrations in relation to obesity, and 
developing type 2 diabetes: a cross sectional and a prospective case-control study nested in the 
normative aging study. Metabolism. 2018;79:24–32. [PubMed: 29108900] 

30. Berezin AA, Lichtenauer M, Boxhammer E, Stohr E, Berezin AE. Discriminative value of serum 
irisin in prediction of heart failure with different phenotypes among patients with type 2 diabetes 
mellitus. Cells. 2022;11(18):2794. doi:10.3390/cells11182794 [PubMed: 36139374] 

31. Bocale R, Barini A, D'Amore A, et al. Thyroid hormones modulate irisin concentrations in 
patients with recently onset hypothyroidism following total thyroidectomy. J Endocrinol Investig. 
2021;44(7):1407–1412. [PubMed: 33058006] 

32. Korta P, Pochec E, Mazur-Bialy A. Irisin as a multifunctional protein: implications for health and 
certain diseases. Medicina (Kaunas). 2019;55(8):485. doi:10.3390/medicina55080485 [PubMed: 
31443222] 

33. Li X, Jamal M, Guo P, et al. Irisin alleviates pulmonary epithelial barrier dysfunction in 
sepsis-induced acute lung injury via activation of AMPK/SIRT1 pathways. Biomed Pharmacother. 
2019;118:109363. [PubMed: 31545277] 

34. Li DJ, Li YH, Yuan HB, Qu LF, Wang P. The novel exercise-induced hormone irisin protects 
against neuronal injury via activation of the Akt and ERK1/2 signaling pathways and contributes 
to the neuroprotection of physical exercise in cerebral ischemia. Metabolism. 2017;68:31–42. 
[PubMed: 28183451] 

35. Jiang S, Oh DS, Dorotea D, Son E, Kim DS, Ha H. Dojuksan ameliorates tubulointerstitial fibrosis 
through irisin-mediated muscle-kidney crosstalk. Phytomedicine. 2021;80:153393. [PubMed: 
33120292] 

36. Zhang R, Ji J, Zhou X, Li R. Irisin pretreatment protects kidneys against acute kidney injury 
induced by ischemia/reperfusion via upregulating the expression of uncoupling protein 2. Biomed 
Res Int. 2020;2020:6537371. [PubMed: 32934963] 

37. Zügel M, Qiu S, Laszlo R, et al. The role of sex, adiposity, and gonadectomy in the regulation of 
irisin secretion. Endocrine. 2016;54(1):101–110. [PubMed: 27055554] 

38. Ruan Q, Huang Y, Yang L, et al. The effects of both age and sex on irisin levels in paired plasma 
and cerebrospinal fluid in healthy humans. Peptides. 2019;113:41–51. [PubMed: 30716355] 

39. Hall AM, Rhodes GJ, Sandoval RM, Corridon PR, Molitoris BA. In vivo multiphoton imaging 
of mitochondrial structure and function during acute kidney injury. Kidney Int. 2013;83(1):72–83. 
[PubMed: 22992467] 

40. de Bragança AC, Volpini RA, Mehrotra P, Andrade L, Basile DP. Vitamin D deficiency contributes 
to vascular damage in sustained ischemic acute kidney injury. Physiol Rep. 2016;4(13):e12829. 
[PubMed: 27369932] 

41. Tang C, Han H, Yan M, et al. PINK1-PRKN/PARK2 pathway of mitophagy is activated to protect 
against renal ischemia-reperfusion injury. Autophagy. 2018;14(5):880–897. [PubMed: 29172924] 

42. Szeto HH, Liu S, Soong Y, Alam N, Prusky GT, Seshan SV. Protection of mitochondria prevents 
high-fat diet-induced glomerulopathy and proximal tubular injury. Kidney Int. 2016;90(5):997–
1011. [PubMed: 27519664] 

Cui et al. Page 12

Acta Physiol (Oxf). Author manuscript; available in PMC 2025 March 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



43. Bhargava P, Schnellmann RG. Mitochondrial energetics in the kidney. Nat Rev Nephrol. 
2017;13(10):629–646. [PubMed: 28804120] 

44. Lan R, Geng H, Singha PK, et al. Mitochondrial pathology and glycolytic shift during proximal 
tubule atrophy after ischemic AKI. J Am Soc Nephrol. 2016;27(11):3356–3367. [PubMed: 
27000065] 

45. Villa E, Marchetti S, Ricci JE. No parkin zone: mitophagy without parkin. Trends Cell Biol. 
2018;28(11):882–895. [PubMed: 30115557] 

46. Katayama H, Hama H, Nagasawa K, et al. Visualizing and modulating mitophagy for therapeutic 
studies of neurodegeneration. Cell. 2020;181(5):1176–1187. [PubMed: 32437660] 

47. Bravo-San Pedro JM, Kroemer G, Galluzzi L. Autophagy and mitophagy in cardiovascular disease. 
Circ Res. 2017;120(11):1812–1824. [PubMed: 28546358] 

48. Xie C, Zhuang XX, Niu Z, et al. Amelioration of Alzheimer's disease pathology by mitophagy 
inducers identified via machine learning and a cross-species workflow. Nat Biomed Eng. 
2022;6(1):76–93. [PubMed: 34992270] 

49. Li Q, Jia S, Xu L, Li B, Chen N. Metformin-induced autophagy and irisin improves INS-1 cell 
function and survival in high-glucose environment via AMPK/SIRT1/PGC-1alpha signal pathway. 
Food Sci Nutr. 2019;7(5):1695–1703. [PubMed: 31139382] 

50. Jiang X, Cai S, Jin Y, et al. Irisin attenuates oxidative stress, mitochondrial dysfunction, and 
apoptosis in the H9C2 cellular model of septic cardiomyopathy through augmenting Fundc1-
dependent mitophagy. Oxidative Med Cell Longev. 2021;2021:2989974.

51. Bi J, Zhang J, Ren Y, et al. Exercise hormone irisin mitigates endothelial barrier dysfunction 
and microvascular leakage-related diseases. JCI Insight. 2020;5(13):e136277. doi:10.1172/
jci.insight.136277 [PubMed: 32516137] 

52. Wei J, Zhang J, Wang L, Cha BJ, Jiang S, Liu R. A new low-nephron CKD model with 
hypertension, progressive decline of renal function, and enhanced inflammation in C57BL/6 mice. 
Am J Physiol Renal Physiol. 2018;314(5):F1008–F1019. [PubMed: 29412703] 

53. Wei J, Zhang J, Wang L, et al. New mouse model of chronic kidney disease transitioned from 
ischemic acute kidney injury. Am J Physiol Renal Physiol. 2019;317(2):F286–F295. [PubMed: 
31116604] 

54. Lu Y, Wei J, Stec DE, et al. Macula Densa nitric oxide synthase 1β protects against salt-sensitive 
hypertension. J Am Soc Nephrol. 2016;27(8):2346–2356. [PubMed: 26647426] 

55. Wang L, Wang X, Jiang S, et al. Graft function assessment in mouse models of single- and 
dual-kidney transplantation. Am J Physiol Renal Physiol. 2018;315(3):F628–f636. [PubMed: 
29790388] 

56. Jiang S, Shui Y, Cui Y, et al. Gut microbiota dependent trimethylamine N-oxide aggravates 
angiotensin II-induced hypertension. Redox Biol. 2021;46:102115. [PubMed: 34474396] 

57. Jiang S, Wang X, Wei J, et al. NaHCO(3) dilates mouse afferent arteriole via Na(+)/HCO(3)(−) 
cotransporters NBCs. Hypertension. 2019;74(5):1104–1112. [PubMed: 31522618] 

58. Zhang J, Qu HY, Song J, et al. Enhanced hemodynamic responses to angiotensin II in diabetes are 
associated with increased expression and activity of AT1 receptors in the afferent arteriole. Physiol 
Genomics. 2017;49(10):531–540. [PubMed: 28842434] 

Cui et al. Page 13

Acta Physiol (Oxf). Author manuscript; available in PMC 2025 March 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. 
Serum irisin level and their correlation with renal function markers. (A) The serum 

creatinine level (μmol/L) in the AKI group (n = 37) is significantly higher than for the 

Control group (n = 20), (256.8 ± 30.5 vs. 61.9 ± 10.5, ‡p < 0.001 vs. Control). (B) The 

serum BUN level (mmol/L) are greater in the AKI group as compared to the Control group 

(17.1 ± 6.5 vs. 5.1 ± 1.0, ‡p < 0.001 vs. Control). (C) The expression level of serum irisin 

in the AKI group was significantly lower than that in the Control group (39.9 ± 8.2 vs. 76.7 

± 13.8 ng/mL, ‡p < 0.001 vs. Control). Statistical difference in (A–C) was calculated by 

t-test. (D) There is no significant difference between males and females in the Control group 

and the AKI group. The expression level of serum irisin in male and female of the AKI 

group was significantly lower than of the Control group respectively (*p < 0.05 vs. Control). 

(E) There is a linear inverse correlation between serum irisin and serum creatinine levels. 

The data plotted here are combined data including both AKI group and Control group, r2 = 

0.1181, p = 0.0072. (F) There is a linear inverse correlation between serum irisin and serum 

BUN levels. The data plotted here are combined data including both AKI group and Control 

group. r2 = 0.1243, p = 0.0057. Statistical difference in (E) and (F) is calculated by Linear 

Regression.
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FIGURE 2. 
Therapeutic protective effect of exogenous irisin supplementation on renal I/R injury in 

mice. (A) The serum creatinine level (μmol/L) in the I/R group is significantly higher than 

for Sham group (210.7 ± 23.8 vs. 12.8 ± 2.6, ‡p < 0.001 vs. Sham) (n = 6), whereas 

creatinine in the I/R + irisin group significantly decreases to 143.0 ± 45.8 μmol/L (‡p < 

0.001 vs. I/R) (n = 6). (B) The serum BUN level (mmol/L) of the I/R group is likewise 

higher than those of the Sham group (66.8 ± 2.7 vs. 9.6 ± 1.1, ‡p < 0.001 vs. Sham) (n = 

6), whereas the BUN levels in the I/R + irisin group decreases significantly to 53.8 ± 8.4 

mmol/L (†p < 0.01 vs. I/R) (n = 6). (C) The serum Kim-1 level (ng/mL) of mice of the I/R 

group is significantly greater than those of the Sham group (12.6 ± 3.5 vs. 1.2 ± 0.6, †p 
< 0.01 vs. Sham) (n = 6), whereas the Kim-1 level in the I/R + irisin group significantly 

decreases to 7.7 ± 2.4 ng/mL (*p < 0.05 vs. I/R) (n = 6). (D) The serum NGAL level of 

mice in the I/R group is significantly higher than that of the Sham group (105.5 ± 21.4 

vs. 46.1 ± 5.9, ‡p < 0.001 vs. Sham) (n = 6). NGAL level in I/R + irisin group decreases 

significantly to 68.0 ± 17.6 mmol/L (*p < 0.05 vs. I/R) (n = 6). Statistical difference in 

(A–D) was calculated by t-test for two groups, and one-way ANOVA followed by multiple 

comparisons post hoc test. (E) Renal histopathology shows I/R damage and necrosis of the 

renal tubular epithelium. Compared to the I/R group, the I/R + irisin group exhibited less 

tubular injury characterized by tubular cell depletion, tubular dilation, cast formation in the 

tubular lumens, and loss of brush border. These data suggest irisin reduced renal tubular 

injury. Yellow arrows indicate injured tubules. (PAS, Bar = 50 μm, X400).
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FIGURE 3. 
Irisin had therapeutic protective effects on renal tubular mitochondrial damage after I/R or 

H/R injury. (A) Flow chart of in vitro renal tubular microperfusion experiment. (B, C) When 

the mitochondrial membrane potential is high, JC-1 accumulates in the mitochondrial matrix 

to form a polymer, which can produce red fluorescence. When the membrane potential 

of mitochondria is low, JC-1 cannot accumulate. JC-1 is a monomer that produces green 

fluorescence. Under H/R, the mitochondrial membrane potential of renal tubular cells 

significantly decreases, while the maintenance of mitochondrial membrane potential in 

the irisin-treated group significantly increases. (B–D) Representative images of Green/Red 

fluorescence assay (B, C) and quantitative result (D) in the H/R group and the H/R + irisin 

group. Each experiment was repeated at least three times independently with similar results 

obtained. Scale bar, 50% of Baseline. (E) The mitochondrial DNA in the kidney tissue of 

mice in the I/R group decreases significantly compared to the Sham group (‡p < 0.001 vs. 

Sham). Irisin reduces mitochondrial DNA proportion and decreases mitochondrial damage 

(*p < 0.05 vs. irisin, †p < 0.01 vs. I/R + irisin) (n = 6). Statistical difference in (D–E) was 
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calculated by t-test for two groups, and one-way ANOVA followed by multiple comparisons 

post hoc test.
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FIGURE 4. 
Irisin enhanced mitochondrial autophagy after renal I/R injury. (A) TUNEL staining of 

renal tubular cells in each group shows a significant decrease in the proportion of cell 

apoptosis in the I/R + irisin group compared to the I/R group. Irisin reduces renal tubular 

cell apoptosis (bar = 20 μm). (B) Immunohistochemistry shows increased PARK2 and 

PINK1 expression in the I/R group compared to Sham group. Irisin further enhances PARK2 

and PINK1 expression after I/R, which is mainly enriched in renal tubular cells (×400, bar 

= 50 μm). C-G. LC3 is a marker protein for mitochondrial autophagy, and its increased 

expression indicates an enhancement of mitochondrial autophagy function. P62 is the 

substrate of mitochondrial autophagy, and its expression decreases with the enhancement of 

mitochondrial autophagy. TIM23 and TOM20 are inner mitochondrial membrane and outer 

membrane proteins respectively, and their contents decrease when mitochondrial autophagy 

increases. Western blot results show that compared to the Sham group, the I/R group 

shows an increase in LC3 expression, whereas the expression of P62, TOM20, and TIM23 

decreases. The I/R + irisin group shows a higher expression of LC3 compared to I/R group 

(*p < 0.05 vs. I/R), whereas the expression of P62, TOM20, and TIM23 is lower (*p < 0.05 

vs. I/R, †p < 0.01 vs. I/R) (n = 6). Statistical difference in (D–G) is calculated by t-test for 

two groups, and one-way ANOVA followed by multiple comparisons post hoc test.
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FIGURE 5. 
Irisin reduced ROS production after renal I/R injury. (A) DHE can freely enter the 

cell through the cell membrane to be oxidized by intracellular ROS, forming oxidized 

ethylpyridine. Oxidized ethylpyridine can be incorporated into chromosome DNA to 

generate red fluorescence. The content and changes of intracellular ROS are determined 

based on the red fluorescence production. After renal tubular H/R injury, red fluorescence 

is significantly enhanced. In the H/R + irisin group, the red fluorescence intensity after H/R 

injury is reduced dramatically compared to the H/R group, indicating that irisin limits ROS 

production. (A, B) Representative images of DHE fluorescence assay (A) and quantitative 

results (B) in four groups (n = 3). Scale bar, 100% of Control. (C) Immunohistochemistry 

shows a significant decrease in the expression of SOD2 in the I/R group and an increase 

in the I/R + irisin group. (D, E) The expression of SOD2 decreases during I/R, whereas 

the expression increases in the I/R + irisin group. (F) The SOD activity in the I/R group 
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decreases compared to the Sham group (‡p < 0.001 vs. Sham), whereas the I/R + irisin 

group increases compared to the I/R group (†p < 0.01 vs. I/R) (n = 6). (G) The catalase 

activity in each group. (H) The hydrogen peroxide content in the I/R group increases as 

compared with Sham (‡p < 0.001 vs. Sham), whereas the hydrogen peroxide content in 

the I/R + irisin group decreases compared to the I/R group(†p < 0.01 vs. I/R) (n = 6). (I) 

The MDA content in the I/R group increases compared to the Sham group (*p < 0.05 vs. 

Sham), and the MDA content in the I/R + irisin group decreases (*p < 0.05 vs. I/R) (n = 6). 

Statistical difference in (B, E–I) is calculated by t-test for two groups, and one-way ANOVA 

followed by multiple comparisons post hoc test.
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FIGURE 6. 
Irisin reduced NLRP3 inflammasome activation and related inflammatory factor expression 

after renal I/R injury. (A, B) Western blot results show an increase in renal P38 expression 

for the I/R group compared to the Sham group, whereas I/R + irisin shows a decrease 

compared to I/R (n = 6). (*p < 0.05 vs. I/R) Statistical difference in B is calculated by t-test. 

(C) Immunohistochemistry: Expression of NLRP3 and caspase-1 in the I/R group increases 

compared to sham treatment, whereas the renal content in the I/R + irisin group decreases 

compared to I/R (×400, bar = 50 μm). (D–H) Western blot results show that the NLRP3, 

ASC, caspase-1, and IL-1β levels in the kidneys of the I/R group are significantly elevated 

in comparison to the Sham group, whereas I/R + irisin decreases compared to the I/R group, 

(n = 6). (I, J) qRT-PCR indicates that IL-1β and TNF-α in the kidney tissue of the I/R group 

are higher than for Sham, whereas those of the I/R + irisin group were lower than the I/R 
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group (n = 6). Statistical difference in (B, E–J) is calculated by t-test for two groups, and 

one-way ANOVA followed by multiple comparisons post hoc test.
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FIGURE 7. 
The hypothesis of the mechanism by which irisin alleviates renal I/R injury.
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