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Abstract

Improvement of renal injury and 

fibrosis by cyclo(His-Pro) and its 

cellular mechanism through NRF2 

pathway

Jong Joo Moon

Department of Clinical Medical Sciences

The Graduate School

Seoul National University

Acute kidney injury (AKI) frequently leads to chronic kidney disease 

(CKD) through inflammation, oxidative stress, cell senescence and 

apoptosis. Due to its anti-inflammatory and anti-oxidative effects, 

nuclear factor-erythroid-2-related factor 2 (NRF2) could be a 

therapeutic target of the kidney disease. While cyclic dipeptide 

cyclo(His-Pro) (CHP), a known NRF2 activator, has been shown to exert 

protective effect against neurodegenerative diseases, its effects on 

renal protection has not been established.

Exogenous CHP pre-treatment preserved kidney function and produced 

significant reduction in tubular injury, apoptosis, and inflammatory cell 

infiltration on ischemia-reperfusion injury (IRI) model. Compared with 

5/6 nephrectomy (Nx) rat, CHP-treated 5/6 Nx rat displayed restored 

kidney function and pathologically improved fibrosis. In the chronic in 

vitro model, exogenous CHP reduces reactive oxygen species (ROS) 
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production and cell death via the NRF2 associated pathway in 

concordant with acute in vitro model. CHP improved kidney injury in 

unilateral ureteral obstruction (UUO) model with both prophylactic and 

therapeutic treatment regimens. To evaluate the relationship between 

endogenous CHP level and CKD progression, The present study 

measured plasma CHP concentration, and tissue expression of NRF2 in 

samples from CKD patients. In sham and 5/6 nephrected kidney, CHP 

clearance demonstrated positive relationship with creatinine clearance. 

Decreased CHP clearance was reported in rats with deteriorated kidney. 

In CKD patients, as kidney function deteriorated, plasma CHP 

concentration was increased. Contrarily, tissue expression of NRF2 

displayed negative relationship with CKD progression. Elevated 

endogenous plasma CHP levels could be considered as a compensatory 

processes evoked to enhance the NRF2 pathway. 

This study has uncovered a major protective role of CHP for kidney 

disease through NRF2 pathway activation that could be potentiated as a 

therapeutic strategy.

………………………………………
keywords : Acute kidney injury, Chronic kidney disease, Cyclo(His-Pro), 

nuclear factor-erythroid-2-related factor 2, fibrosis, inflammation 
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Introduction

Acute kidney injury (AKI) is frequent among hospitalized patients and 

causes to a serious increase in mortality [1, 2]. Meanwhile, chronic 

kidney disease (CKD) contributes to an elevated risk for  cardiovascular 

disease, development of end stage kidney disease (ESKD), and reduced 

life expectancy [3]. In the past decades, AKI and CKD were considered 

as separate disease groups; however, AKI and CKD are now considered 

to exist on a continuum of progressive kidney disease, as links between 

AKI and CKD have been increasingly recognized [4]. Given this 

consensus, acute kidney disease is now widely accepted as a 

pathological process that can lead to the development of CKD 7 to 90 

days after initial insult [5]. The pathological process initiated during AKI 

persists even after resolution of the acute-phase response and 

contributes to the formation of fibrosis, the pathological hallmark of 

CKD. Characteristic changes that distinguish CKD from AKI include 

irreversible nephron loss, metabolic changes, oxidative stress, and 

inflammation. These CKD-specific changes have been linked to 

progressive, inexorable decline of kidney function [6, 7]. 

Kidney injury induces alterations in the expression of genes associated 

with cell cycle regulation, extracellular matrix (ECM), and inflammation 

[8, 9]. Severe DNA damage induces cell death through apoptosis or 

regulated necrosis [10]. Sublethal insults to kidney cells induces various 

cellular responses, including cell cycle arrest, senescence, and 

differentiation [11]. While transient cell cycle arrest is necessary for 

DNA repair [12], cells with permanently arrested cell cycle exhibit 

senescence-associated secretory phenotype (SASP), secreting 

pro-inflammatory cytokines, chemokines, and proteinases [13, 14]. 

Moreover, the senescence process can be associated with partial 
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epithelial-to-mesenchymal transition (EMT) [15] in which epithelial cells 

begin to express mesenchymal markers and produce a pathological 

secretome that promotes myofibroblast proliferation, chronic 

inflammation, and kidney fibrosis in a paracrine manner [13, 16]. 

Oxidative stress also contributes significantly in AKI and CKD 

progression [17-19]. Stress conditions disrupt mitochondrial metabolism 

and activate Reactive oxygen species (ROS)-producing enzymes [9, 18], 

induces subsequent enhancement of Nuclear factor-κB (NF-κB) and 

increased recruitment of immune cells [20, 21]. Infiltrating immunocytes 

and activated kidney-resident cells are not only recognized as a major 

causes of ROS and oxidative stress [22, 23], but also as aggravating 

factors of inflammation as they produce pro-inflammatory and 

chemotactic cytokines [6]. 

Meanwhile, nuclear factor-erythroid-2-related factor 2 (NRF2) has 

been considered as a potential therapeutic target for kidney diseases 

due to its anti-inflammatory and anti-oxidative properties [18]. In 

normal cellular states, NRF2 is presented in the cytosol in an inactive 

form bounded with Kelch like ECH-associated protein 1 (KEAP1) [24]. 

However, the presence of excessive oxidative stress leads to separation 

of NRF2 from KEAP1 and subsequent accumulation of NRF2 into the 

nucleus [25]. NRF2 then facilitates transcription of its target genes, 

which are related with anti-inflammatory and anti-oxidative activity 

[26]. In the kidney’s antioxidant defense system, NRF2 plays a 

protective role as a critical regulator of various antioxidant genes [18, 

27]. For instance, in seals, up-regulated NRF2 contributes to the 

prevention of AKI despite major kidney ischemia during deep sea dives 

[28]. Hence, elevated NRF2 expression may provide protection against 

AKI. 

In CKD, NRF2 operates as a central hub betweenbrain the metabolic 
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and inflammatory pathways [29]. Although pharmacologic NRF2 

activation increases risk of cardiovascular diseases in advanced diabetic 

kidney disease, NRF2 enhancement is potentially protective in low 

oxidative stress states such as autosomal dominant polycystic kidney 

disease (ADPKD) or Alport syndrome [30-32]. In ADPKD, the activation 

of NRF2 reduces in oxidative stress and suppresses disease progression 

[33]. NRF2 activation prevents oxidative stress-induced mitochondrial 

deterioration through direct interaction with mitochondria [34]. A recent 

study demonstrated that NRF2 reacts a central role in modulating the 

cell cycle in the early stage of the oxidative stress response [35]. In 

fact, NRF2 activators are considered as potential therapeutics for 

kidney diseases. 

Here, This study have explored the therapeutic potential of 

cyclo(His-Pro) (CHP), an endogenous cyclic dipeptide suggested to act 

as an NRF2 activator and NF-κB inhibitor in AKI and CKD [36]. 

Generally, cyclic dipeptides including CHP demonstrate resistance 

against proteolysis and biological activities such as radical-scavenging 

properties [37, 38]. CHP is produced during hypothalamic 

thyrotropin-releasing hormone metabolism [39, 40] and is distributed 

throughout the brain, intestine, plasma, semen, and prostate in humans 

[41]. CHP is also present in certain food products, including tea leaves 

and yogurt. Dietary CHP reportedly elevates plasma CHP levels [42, 43]. 

In rats with streptozotocin-induced diabetes mellitus, exogenous CHP 

improves glycemic control and protects pancreatic islet cells [44]. Also, 

CHP reduces inflammatory responses and protects neurons in 

neurodegenerative diseases [45]. However, little is known about the 

effects of CHP on the kidney. This study investigates the impact of 

CHP on kidney protection and its potential for therapeutic use in 

kidney disease.
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Materials and Methods

Study design

The purpose of the present study was to investigate the 

renoprotective effect of CHP and provide support for its potential 

therapeutic use in human kidney disease. Cyclic(His-Pro) (CHP) was 

synthesized as described [46]. An ischemia-reperfusion injury (IRI) 

mouse model that representing the AKI, was used to examine the 

protective effect of CHP. Then, microarray analysis with IRI mice 

kidneys were performed to identify the kidney protection mechanisms 

of CHP at the transcriptomic level. The present study used 

hypoxia-reoxygenation model and H2O2 oxidative stress induction model 

with primary cultured human tubular epithelial cells (hTECs) to 

determine the antioxidant, anti-inflammatory, and renoprotective effect 

of CHP in AKI in vitro model. A unilateral ureteral obstruction (UUO) in 

vivo model was then adopted to determine the inhibitory effect of CHP 

on the fibrotic injury. Potential prophylactic and therapeutic effects of 

CHP were also analyzed in this mouse model. To evaluate the 

renoprotective effect of CHP on CKD, the experiment was performed 

in 5/6 nephrectomy (Nx) rat model. RNA sequencing on samples 

obtained from 5/6 nephrectomized rat kidneys was performed to reveal 

the effects at the molecular level. For in vitro experiments, primary 

cultured hTECs and podocytes were induced by various types of stress 

including Transforming growth factorβ (TGFβ) or H2O2 to assess the 

anti-apoptotic and anti-fibrotic effect of CHP treatment. The 

associations between endogenous CHP levels and CKD progression in 

humans were then assessed by quantifying the CHP concentration in 

the plasma and urine of CKD patients. The study was not blinded.
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Induction of renal IRI 

Male, aged 7~9 weeks, and from 20~24 g weighted B6 mice were 

purchased from Koatech (Seoul, Korea). Animals were treated with CHP 

(20 mg/kg, intravenous) or, saline (NaCl 0.9%), 30 mins before the 

ischemic insult. The mice were anesthetized with isoflurane inhalation. 

The mice were fixed on a heating plate during the operation to 

maintain core body temperature at approximately 36.5℃. After bilateral 

flank incisions, microaneurysm clamps (Roboz Surgical Instrument Co., 

Gaithersburg, MD, USA) were used for clamping of both renal pedicles 

for 30 minutes. To maintain fluid balance, subcutaneous administration 

of prewarmed (37°C) PBS (400 μL) was performed. Blood sampling for 

measurement serum creatinine and blood urea nitrogen was conducted. 

The kidney was allowed to re-perfuse by removing the clamps,; the 

incisional wound closure was then conducted; and the animals were 

placed in heating pad for recovering. After recovering, the mice were 

located in metabolic cages. After 24 hours, the animals were 

euthanized, and necropsy was performed on all mice to harvest the 

kidneys and blood. To measure creatinine and blood urea 

concentrations, serum was analyzed (Hitachi, Tokyo, Japan) [47].

Unilateral Ureteral Obstruction animal model 

C57BL/6 mice (20g, 7 weeks old, male) were used. Mice were provided 

by the Koatech. For evaluation of CHP’s anti-fibrotic effect, mice 

were classified into three groups, sham groups and unilateral ureteral 

obstruction (UUO) groups and UUO with CHP treated UUO groups. To 

monitor the changes caused by CHP, treatments were initiated at 

different timings. CHP treated group was subdivided into 3 groups. The 

pre-treated group, CHP treatment initiated, 2 days before the UUO 

surgery. The concomitant group initiated treatment at the time of 
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surgery. The post-treatment group had CHP treatment initiated two 

after surgery. All of the treatment groups were administered CHP 

every two days, a total 5 times. For the UUO surgery, anesthesia was 

performed with isofurane inhalation. An incision in the left flank was 

created to expose left ureter, then exposed left ureter was ligated with 

5-0 silk. To prevent dehydration, phosphate buffered saline (PBS) 

preheated to 37°C was administered intraperitoneally during the 

procedure. The same procedures excluding for the ureter ligation were 

performed on mice classified as sham group [48].

5/6 Nephrectomy (Nx) rat model 

The 5/6 nephrectomy rat model was adopted to ascertain the efficacy 

of CHP on fibrosis, which is associated with CKD progression. Sprague 

Dawley rat (250 g, 6~7 weeks old; Koatech) were treated with CHP 20 

mg/L orally, beginning 10 days before nephrectomy to 8 weeks after 

5/6 Nx was established. Anesthesia was conducted to rats using 

isoflurane before underwent 5/6 Nx. To remove the both poles of left 

kidney, ligation using 5-0 silk was conducted. One week later, rats 

received Rt. nephrectomy to remove 5/6 kidney mass and the 5/6 

nephrectomy rats were treated with CHP for 8 weeks. Rats were 

breeded in metabolic cages until 8 weeks from Rt. nephrectomy to 

collect urine samples during 24 hour. Eight weeks later, rats underwent 

necropsy to collect of blood and kidney. Flash frozen of kidney cortex 

was performed by using nitrogen in a liquid state and placed at -80℃ 

in freezer for analysis. Creatinine and urine protein were evaluated in 

plasma and in urine (Hitachi) [49].  

Ethics statement 

The present study was performed according to the Declaration of 
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Helsinki and approved by the institutional review board of Seoul 

National University Hospital (permit numbers S1901-064-1002, 

S2004-098-111). All animal experiments were performed according to 

Seoul National University Hospital Institutional Animal Care and Use 

Committee-approved protocols (permit numbers 19-0179-S1A0, 

18-0222-S1AO, 20-0072-S1A0). The human biospecimens of the study 

subjects were provided by the National Biobank of Korea. 

Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 (GraphPad 

Software, San Diego, CA, USA) and SPSS statistics (version 25, IBM, 

Armonk, NY, USA). Student’s t-test was used to compare the mean of 

two groups. For comparison of more than two groups, one-way ANOVA 

using Turkey’s test was performed. Results are presented to as mean 

± standard errors of the mean (SEMs) were used. Statistical 

significance was determined at P < 0.05. 

Histological evaluation 

To investigate their histologic microscopic appearance, kidney sections 

of paraffin-embedded tissues were cut into 4 μm and dyed with 

periodic acid-Schiff reagent (Sigma-Aldrich, St. Louis, MO, USA), 

Masson’s trichrome (Sigma-Aldrich) and Sirius red (Abcam, Cambridge, 

England) by a pathologist. A kidney pathologist assessed the severity of 

tubular pathologic findings in 0-5 tubulointerstitial damage scale [50]. 

Each samples were examined in high-power fields (magnification X 100, 

X 200) at least 10 times per section. Paraffin embedded tissues were 

used for immunohistochemistry study. Paraffin embedded tissues were 

heated and washed with xylen for deparaffinization. Ethanol were used 

to remove xylene. For blocking the endogenous streptavidin activity, 3% 
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hydrogen peroxide (H2O2, Sigma-Aldrich) was used. To determine the 

tissue expression of various genes, deparaffinized sections were dyed 

with anti-Mouse Col I antibody (Abcam), rat anti-Neutrophil 

Gelatinase-Associated Lipocalin, NGAL (Abcam) antibody, anti-CD3 

antibody (Abcam), anti-CD68 antibody (Abcam), and anti-Nrf2 antibodies 

(Abcam). Sections were incubated with secondary antibodies, goat 

anti-rabbit (Vector Laboratories, Burlingame, CA, USA) and rabbit 

anti-rat IgG (Vector Laboratories). After counterstaining with Mayer’s 

hematoxylin (Sigma-Aldrich) was performed, examination was performed 

using DFC-295, light microscopy (Leica, Mannheim, Germany). Randomly 

selected five fields (magnification: x 100) for each sample were 

quantified using Qwin 3 (Leica). To measure the effect of CHP on 

cellular senescence, the commercial beta galactosidase staining kit (Cell 

Signaling Technology, Danvers, MA, USA) was used. Primary cultured 

podocytes were placed in 6-well dishes for 24 hours. Fixation and 

staining for podocytes was carried out according to the 

manufacturer’s protocol. Positive cells appeared in green color.

Microarray analysis

Microarray analysis performed with RNA that was extracted from the 

mice kidney 24 hours after IRI. In the current study, to analyze the 

global gene expression, Affymetrix GeneChip® Human Gene 2.0 ST 

oligonucleotide arrays was used. For isolation of total RNA from kidney, 

Trizol (Invitrogen, Carlsbad, CA, USA) reagent was used.  Evaluation of 

RNA quality was conducted using Agilent 2100 bioanalyser (Agilent 

Technologies, Santa Clara, CA, USA). Quantification was performed with 

spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA). To 

perform affymetrix procedure, 300ng of RNA per samples was inputted 

according to manufacturer's protocol. In brief, Converting to 
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double-strand cDNA from 300 ng of inputted total RNA was conducted. 

Double-stranded cDNA was used as template for generating maplified 

RNA (cRNA) through in vitro transcription, then purification was 

performed with affymetrix sample cleanup module. A random-primed 

reverse transcription was adopted for regeneration of cDNA. Then, 

fragmentation of cDNA was conducted using restriction enzymes of 

UDG and AP1. Fragmented cDNA was end-labeled by terminal 

transferase reaction. Then, Hybridization of end-labeled cDNA and the 

GeneChip® Human Gene 2.0 ST arrays was conducted according to 

manufacturer’s instruction. After hybridization, staining with 

streptavidin phycoerythrin was conducted and washed using Genechip 

Fluidics Station 450 (Thermo Fisher Scientific). Then scanning was 

performed with Genechip Array scanner 3000 7G (Thermo Fisher 

Scientific). Affymetrix Commnad Console software1.1 was used for 

extracting image data. Hierarchical clustering in MultiExperiment Viewer 

software (www.tm4.org; version 4.4) were used for clustering of the 

co-expression gene group with expressed in similar pattern. To 

interpret changes on gene expressions, DAVID (Database for Annotation, 

Visualization, and Integrated Discovery) was used.

Western blot analysis 

For protein extraction, kidney tissues were obtained 24 hours after 

ischemic injury, 10 days after UUO establishment, and cells were 

harvested 48 hours after TGF-β induction. RIPA buffer with Halt 

protease inhibitor (Pierce, Rockford, IL, USA) was adopted for protein 

extraction. Extracted protein was divided in same amounts (30-60 μg) 

and denatured in 6~12% SDS polyacrylamide gels. Then, protein 

transferring onto Immobilon FL PVDF membranes (Millipore, Bedford, 

MA, USA) which were probed with primary antibodies phospho-P65 
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(pP65) (Cell Signaling Technology), phospho-STAT3 (pSTAT3) (Cell 

Signaling Technology), Nrf2 (Abcam), NGAL (Abcam), Fibronectin 

(Santacruz), E-cadherin (Abcam), and β-actin (Sigma-Aldrich) was 

conducted. For HRP-conjugated secondary antibodies, Anti-rabbit IgG 

(Cell Signaling Technology) and anti-mouse IgG (Cell Signaling 

Technology) were adopted. To detect the labeled protein, an enhanced 

chemiluminescence technique (ECLTM PRN 2106; Amersham Pharmacia 

Biotech, Buckinghamshire, UK) and a Gel documentation system 

(AmershamTM Imager 600, GE, USA) were used. Semi-quantitative 

determination of western blot analysis was performed by ImageJ (Ver. 

1.52a, W. Rasband, NIH, USA).  

Quantitative real-time polymerase chain reaction 

(RT-PCR)

Total RNA was isolated from kidney tissues of IRI mice after 24 

hours, from rat kidney tissues at 8 weeks after 5/6 nephrectomy model 

establishment and 10 days after UUO surgery. In vitro model, extracted 

RNA from primary cultured kidney cell was analyzed. The evaluation of 

cytokine expression profile was performed using real-time PCR. To 

extract total RNA, RNeasy mini kit® (Qiagen, Hilden, Germany) was 

adopted. For reverse transcription of extracted RNAs, oligo-dT primers 

and AMV-RT Taq polymerase (Promega, Madison, WI, USA) were used. 

Real-time PCRs was conducted on by ABI 7500 thermocycler (Applied 

Biosystems, Foster City, CA, USA) and Assay-on-Demand SYBR Green 

method was adopted. To normalize mRNA expression level, GAPDH 

mRNA expression levels were used. The sequences of primers were 

shown in the table 1, 2.
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Cytokine array (Bio-Plex Cytokine Assay)

The concentrations of pro-inflammatory cytokines in the kidney lysate 

and cell culture media were evaluated by the Bio-Plex Pro system 

(Bio-Rad, Hercules, CA, USA). The sample dilution was performed prior 

to evaluation. The Bio-Plex protein array reader was used to interpret 

the reaction mixture, and data analysis was conducted with the Bio-Plex 

Manager software program.

Con-focal microscopic examination 

To assess the apoptosis, terminal deoxynucleotidyl transferase dUTP 

nick end labeling, TUNEL (Roche, Mannheim, Germany) assay was used 

to detect fragmented chromosomal DNA  according to manufacturer’s 

protocol. 4'-6-diamidino-2-phenylindole (DAPI, Invitrogen, Carlsbad, CA, 

USA) was adopted to stain the nuclei. In another set of experiments, 

the sections were stained with rat anti-mouse F4/80 (Serotec, Raleigh, 

NC, USA). For secondary antibody, a second layer of Alexa Fluor® 

488-conjugated goat anti-rabbit antibody, Alexa Fluor® 555-conjugated 

goat anti-rabbit antibody, Alexa Fluor® 555-conjugated anti-mouse 

antibody, and Alexa Fluor® 555-conjugated anti-rat antibody (Invitrogen) 

were used. After washing, all sections were counterstained by 

incubating with DAPI (Invitrogen) for additional 5 minutes. For negative 

control, primary antibodies were skipped from sections. Confocal 

microscopy, Leica TCS SP8 STED CW instrument (20/0.7 numerical 

aperture objective lens of the DMI 6000 inverted microscope; Leica) 

and MetaMorph software (version 7.8.10) were used for examination. 

Human primary tubular epithelial cells (TECs) 

preparation 
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Proximal tubule segments were obtained from the resected kidney of 

patients with renal cell carcinoma [51]. Kidney cortex was dissected and 

tissues from unaffected were cut into small pieces. At 37 °C, digested 

by HBSS including 1.5 mg/mL collagenase (Sigma-Aldrich) was 

performed for an hour. Then, digested kidney tissue washed using a 

various sized sieves (150, 120, 70, and 40 μm) with 1xPBS. After 

washing, tubular epithelial cells (TECs) were separated using 

centrifugation at 500 g for 5 minutes. Cells were then recovered from 

the pellet and then incubated for four hours in DMEM/F12 (Lonza, 

Basel, Switzerland). After collecting of tubules in the media, cells were 

cultured on collagen-coated petri dishes (BD Biosciences, Franklin 

Lakes, NJ, USA), until colony formation that consisted with epithelial 

cells. For present study, 2–3 passages were used.

Cell culture under hypoxia and re-oxygenation 

The proximal tubular cells were treated with vehicle or CHP for an 

hour and exposed to 1% oxygen using INCO 108 med incubator 

(Memmert, Schwabach, Germany) during six hours. After the hypoxic 

period, cells were placed under a normoxic condition (21% of oxygen) 

for 12 h. After total 18 h, cells were harvested. Cytokine levels were 

evaluated by a Bio-Plex Pro system (Bio-Rad). RT-PCR method was 

adopted to quantify the abundance of HIF1α and NRF2 mRNA. 

Flow cytometric analysis 

Resuspension with 36% Percoll (Sigma-Aldrich) was conducted to 

lymphocyte and mononuclear cells. Then the cells were overlaid onto 

72% Percoll. Fc receptor blocking were performed with RPMI containing 

10% normal mouse serum. Sequential gating scheme was applied to 

determine cell numbers. Antibiodies used in this experiment were as 
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follows: anti-CD11b, anti-F4/80, anti-CD3, anti-CD4, anti-CD8, 

anti-CD25 and anti-Ly6C (BD Biosciences). To evaluate cellular 

apoptosis and necrosis, an annexin V/Propidium iodide (PI) fluorescein 

isothiocyanate (FITC) assay was performed following manufacturer's 

protocol then analyzed with flow cytometry (BD Biosciences) [52, 53]. In 

brief, cells (5 x 105) were collected using centrifugation. Then, cells 

were washed using cold PBS. After washing, resuspension was 

conducted in 150 μL binding buffer. Staining with the 5 μL of FITC 

conjugated Annexin V (10 mg/mL) and 10 μL PI (50 mg/mL) was 

performed. After staining, incubation for half an hour at 20 °C in the 

dark was conducted. The analysis of collected data was then performed 

by BD FACSDiva (version 8.0; BD Biosciences).

Oxidative stress induced with H2O2

Kidney cells were exposed to H2O2 induced oxidative stress 

with/without CHP. Podocytes and hTECs were cultured in complemented 

media. Cultured kidney cells in 6-well plates were incubated with or 

without 1 mmol H2O2 (Sigma-Aldrich) in serum-free media for 4 hours. 

Then, the treated cells were washed using DMEM/F12 medium. After 

washing, cells were harvested for evaluation. In the treatment groups, 

exogenous CHP was added at variable times (before 1 h from H2O2

induction, at the same time with H2O2 induction, after 1 h from H2O2

induction). 

RNA sequencing analysis and gene set enrichment 

analysis (GSEA) 

RNA sequencing analysis was performed with extracted RNA from rat 

kidney, 8 weeks after 5/6 nephrectomy model was established. To 

isolate total RNA, Trizol reagent (invitrogen) was used. The assessment 
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of RNA quality was performed using bioanalyzer (Agilent Technologies, 

Amstelveen, Nethelands), and ND-2000 Spectrophotometer (Thermo 

Fisher Scientific) was used for RNA quantification. Library preparation 

was performed using the NEBNext Ultra II Directional RNA-Seq Kit 

(NEW ENGLAND BioLabs, Inc., UK). To isolate mRNA, the Poly(A) RNA 

selection Kit (Lexogen, Inc., Austria) was adopted. The cDNA synthesis 

and shearing was conducted using the isolated mRNAs, according to 

manufacturer’s protocol. Illumina indexes 1-12 was adopted to index. 

The enrichment step was conducted with PCR. For evaluation of the 

mean fragment size, the Agilent 2100 bioanalyzer (DNA High Sensitivity 

Kit) was used to check the libraries. RNA quantification was conducted 

with StepOne Real-Time PCR System (Life Technologies, Inc., USA), the 

library quantification kit. For sequencing of each sample, HiSeq X10 

(Illumina, Inc., USA) was adopted. RNA-seq data was analyzed with R 

package as described previously [54]. The quality of raw sequencing 

data was verified using FastQC [55]. Adapter and low-quality reads 

(<Q20) were removed using FASTX_Trimmer and BBMap [56, 57]. 

Alignment was performed against rat genome (Rnor_6.0, INSDC 

Assembly GCA_000001895.4, Jul 2014) using STAR (version 2.6.0a). The 

evaluation of collected STAR gene-counts for each alignment was 

performed for differentially expressed genes. For evaluation, the R 

package edgeR (version 3.24.3) using a generalized-linear model was 

used. To identify the differences in expressed genes, a threshold of 1 

log2 fold change and adjusted P value greater than 0.05 were adopted. 

To conduct GSEA analysis on gene ontology (GO) terms, the 

clusterProfiler R package were used for the present study [58]. The 

clusterProfiler (version 3.17.1) and enrichplot (version 1.9.1) packages 

were used for GSEA and various data representations. 
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Available RNA sequencing datasets of 5/6 Nx rat model 

RNA sequencing data can be accessed using GEO accession number 

GSE159228(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE159228, 

token: ctcjmesqvvsfhcz).

Human primary podocytes preparation  

Primary cultured podocytes were prepared as formerly reported 

[59-61]. From patients with urologic tumor, resected kidney specimens 

were acquired. After dissection kidney cortex, the sieving techniques 

were used for isolation of glomeruli. The outgrowing cells underwent 

trypsinization, and filtration with sieves with a 25-μm sized pore. The 

filtered cells were remaining glomerular cores, that were mainly 

composed with mesangial cells [62]. Quantification of the podocyte from 

glomeruli was performed with flow cytometry analysis. To identify 

podocytes, PE-conjugated anti-podocalyxin (BD Biosciences), 

FITC-conjugated anti-CD31 (BD Biosciences) and FITC-conjugated 

anti-CD90 (BD Biosciences) were used respectivley to find human 

primary glomerular cells for endothelial cells and mesangial cells. The 

sorting and analyzing of stained cells were performed with FACSCalibur 

instrument (BD Biosciences). The cells were placed at 37 degrees 

Celsius and in a moist place with 5% CO2. The cell culture media 

contained DMEM/F12 (Lonza), 1× ITS-G (Gibco), HEPES buffer (Gibco), 

L-glutamine (Gibco), hydrocortisone (Sigma-Aldrich), penicillin (Gibco) 

and streptomycin (Gibco). Exchange of cell culture media was 

conducted every three to four days. In order to maintain media 

conditions, 2% or 15% FBS was supplied to the media in several 

experiments. Plastic dishes with 10μg/mL fibronectin (Sigma-Aldrich) 

coating were used for plating. Fibrosis was induced in the primary 

cultured podocytes by treatment with 2 ng/mL of recombinant TGF-β 
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(R&D systems, Minneapolis, MN, USA) for 48 h. Exogenous CHP at 

various doses was added with recombinant TGF-β simultaneously for 

the treatment group.

Live/Dead cell assay

EarlyTox™ Cell integrity kit (Molecular Device, San Jose, CA, USA) 

was used for cell integrity assay following manufacturer’s protocol. 

Live cells with permeable cell membrane were dyed in green color. 

Dead cells with impermeable cell membrane were shown in red cololr. 

For quantification of the dead cells, The MetaMorph® software (ver. 

7.8.10, University Imaging Downingtown, PA, USA) was adopted.

ROS assay (Detection of intracellular ROS) 

To determine the intracellular reactive oxygen (ROS) level, the 

OxiSelectTM Intracellular ROS assay kit (Cell Biolabs, San Diego, CA, 

USA) was adopted. Hydrophobic fluorogenic 

2’,7’-dichlorodihydrofluorescein diacetate (DCFH-DA) moved into cells 

by diffusion, reacted with intracellular ROS, and changed into 

fluorescent 2’,7’-dichlorodihydrofluorescein (DCF). Primary cultured 

podocytes were seeded at 3x104 per well into 96-well plates. Allowed to 

grow until 24 hours, the cells were treated with CHP (800 and 4,000 

ng/mL) for 2 hours and then administration of H2O2 (1 mM) was 

conducted to induce oxidative stress. Podocytes were washed with PBS, 

then incubated with 100 μL DCFG-DA/media solution for half an hour 

at 37°C. The fluorescence intensity of DCFH-DA was determined using 

microplate fluorometer (Molecular device) and flowcytometry (BD 

Biosciences) with excitation at 485 and emission at 530 nm. The fold 

change of ROS was calculated by fluorescence intensity of podocytes 

treated with CHP with untreated control podocytes.
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Liquid chromatography-tandem mass spectrometry 

(LC-MS/MS) 

Plasma concentrations of CHP were measured by LC-MS/MS after 

liquid-liquid extraction with ethyl acetate (EA). Human plasma (100 μL) 

was mixed with 50 μL of internal standard (IS, 250 ng/mL, 

acetyl-L-histidine methylamide), then extracted with 1.2 mL of EA. 

Sodium acetyl-L-histidine methylamide was purchased from Santa Cruz 

Biotechnology (Dallas, Texas, USA). Plasma samples were mixed with 

vortexing, centrifuged, and then evaporated the organic phase to 

dryness at 40°C under nitrogen. For reconstitution, the residue was 

mixed with 150 μL 100% acetonitrile and transferred into the 

LC-MS/MS system. Separation of the analyte and IS was performed in 

Hypersil Gold column (Thermo Fisher Scientific, Waltham, MA, USA) in 

isocratic condition. The mobile phases were composed with 0.1% formic 

acid in water and acetonitrile. LC-MS/MS experiments were carried out 

in negative electrospray ionization in multiple reaction monitoring 

(MRM) mode. The MRM was based on m/z transition of 235.2>109.9 for 

CHP and 211.1>110.1 for Na-Acetyl-L-histidine methylamide. The lower 

limit of quantification of CHP was 0.5 ng/mL. 

Urine concentrations of CHP were determined by LC-MS/MS after 

liquid-liquid extraction using ethyl acetate (EA). A 200μL aliquot of 

human urine was mixed with 50μL of internal standard (IS, 1000 

ng/mL, acetyl-L-histidine methylamide), then extracted with 1.4 mL of 

EA. Urine samples were mixed with vortexing, centrifuged, and then 

evaporated the organic phase to dryness at 40°C under nitrogen. For 

reconstitution, the residue was mixed with 150 μL 100% acetonitrile 

and transferred into the LC-MS/MS system. Separation of the analyte 

and IS was performed in Hypersil Gold (Thermo Fisher Scientific) 

column in isocratic condition. The mobile phases were composed with 
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0.1% formic acid in water and acetonitrile. LC-MS/MS experiments were 

carried out in positive electrospray ionization in MRM mode. The MRM 

was based on m/z transition of 233.1>152.9 for CHP and 209.1>167.0 for 

Na-Acetyl-L-histidine methylamide. The lower limit of quantification of 

CHP was 2.5 ng/mL. 

Biodistribution experiments

A biodistribution study was performed with rat injected via oral 

gavage with [14C]-CHP at 10 mg/kg (100 μCi/kg). After 0.5, 1, 4, 8, 24, 

48, and 96 hours, blood, and major organs from seven Long Evans rats 

were removed, and counted in a Perkin Elmer liquid scintillation 

analyzer to determine the μg equiv/g.

Docking analysis

The docking analysis was performed according to ROSETTADOCK 

protocol [63]. MODELLER 9.4. was used to construct the predicted 3D 

structures of KEAP1 [64]. The 3D structure of CHP was constructed by 

Chem3D ultra 8.0 (CambridgeSoft, Cambridge, MA). Auto dock 3.0 was 

adopted to perform the protein-ligand docking of the CHP into the 

KEAP1 binding site [65, 66]. 
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Results

Effect of CHP in AKI 

CHP attenuates IRI induced kidney injury via suppressing 

inflammation and, inducing cell cycle change in mice

To determine the therapeutic effect of CHP on AKI, mice were 

pre-treated the mice with intravenous CHP (20 mg/kg) or PBS (control) 

and subsequently subjected to 30 min of bilateral ischemia-reperfusion 

injury (IRI) (Fig. 1A). Twenty-four hours after IRI, the kidneys derived 

from control mice represented typical changes of acute tubular 

necrosis, including swelling and sloughing of tubular epithelia, 

obstruction of tubules with proteinaceous casts, as well as infiltration of 

mononuclear cells (Fig. 1B, middle panel). Meanwhile, pre-treatment 

with CHP prevented these pathologic changes, preserving kidney 

architecture and cell integrity (Fig. 1B, right panel; histologic damage 

score, IRI vs. IVI+CHP; 3.40±0.24 vs. 2.00±0.32). TUNEL staining 

showed that CHP prevented kidney cell death (65.46±4.15% vs. 

27.89±3.86%; Fig. 1C). Serum creatinine (1.16±0.09 vs. 0.08±0.05, in 

mg/dL) and blood urea nitrogen (BUN, 106.5±4.06 vs. 90.96±6.21, in 

mg/dL) concentrations were also lower at day 1 in the CHP group than 

in the PBS-treated control group (Fig. 1D). 

In IRI kidney, transcriptomic analysis including microarray array 

and RT-PCR was conducted 

To identify the mechanisms driving the kidney protective effect in 

response to CHP treatment at the transcriptomic level, microarray 

analysis was conducted to analyze gene expression in Sham (n= 2), IRI 
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(n = 2), and IRI+CHP (n = 2) group (Fig. 1E). CHP treatment induced 

alterations in the expression of multiple genes associated with cell 

cycle, inflammation, oxidative stress and ECM. Specifically, cell cycle 

associated genes, such as Rb1, which suppresses the G1-S transition, 

were slightly less suppressed in the CHP-treated group compared with 

IRI mice [67]. In IRI occurred, Plk3 gene, which is required for cell 

cycling to proceed the G1-S checkpoint and regulates apoptosis through 

the p53 related pathway [68, 69], was highly expressed in CHP-treated 

group. Similarly, members of the Gabb45 gene family, including 

Gabb45b, and Gabb45g, which are responsible for cell cycle arrest and 

DNA repair, were highly expressed in the CHP-treated group  

compared to the IRI group [70, 71]. However, no differences in Cdkn1a 

(p21) was observed between the control and CHP-treated groups. 

CHP treatment also suppressed the expression of genes associated with 

inflammation or chemotaxis. Circulating Zinc-Alpha-2-Glycoprotein 1 

(AZGP1) is reportedly increased in patients with AKI or CKD [72]. 

Compared to the IRI group, Azgp1 expression was lower in the 

CHP-treated group. Moreover, the transcriptomes of each group were 

clustered stringently on the basis of genotypes (Fig. 1E). The gene 

ontology (GO) analysis of biological processes showed that the cluster 

of up-regulated genes in the IRI group was associated with apoptosis, 

cell death, and inflammatory response.

To define the effect of CHP at the molecular level, quantification of 

changes in protein and mRNA expression was performed. CHP 

treatment enhanced the NRF2 and significantly attenuated the 

expression of negative NRF2 regulator KEAP1, the pro-inflammatory 

proteins pP65 and pSTAT3, the kidney injury marker -neutrophil 

gelatinase-associated lipocalin (NGAL, LCN2), and the pro-inflammatory 

cytokines tumor necrosis factor (TNF)α, interleukin (IL)-2, interferon 
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(IFN)γ, IL-6, and IL-12 at day 1 post-IRI (Fig. 1F, 1G). Real-time 

qRT-PCR assays on whole-kidney extracts further revealed that 

markers for inflammation (Tgfb, Il-6), chemotaxis (Mcp-1, Ccr6, Ccl20, 

and Msr1), cell cycle (P21), and apoptosis (c-Jun, c-Fos) were robustly 

decreased in CHP-treated mice one day post-IRI, consistent with the 

reduction of apoptosis (Fig. 1G). Moreover, significantly reduced Lcn2, 

kidney injury molecule 1 (Kim-1, Havcr1), and Pi15 mRNA transcripts 

were demonstrated in CHP-treated mice as well as increased Nrf2 

expression one day post-IRI (Fig. 1H). 

In IRI, CHP treatment alters fraction of infiltrated macrophages 

To investigate the effect of CHP on leukocyte recruitment into the 

injured kidney, flow cytometry analysis for intrarenal leukocytes was 

conducted. CHP decreased the proportion of CD11b+F4/80+ macrophages 

recruited to the IRI kidney (IRI vs. IRI+CHP; 66.53±1.68% vs. 

52.0±1.36%, Fig. 1I), suggesting that it suppressed macrophage 

accumulation. CHP treatment also differentially affected two distinct 

subpopulations of CD11b+F4/80+ cells, namely CD11b+F4/80hi and 

CD11b+F4/80lo. Specifically, it decreased accumulation of CD11b+F4/80lo

macrophages (55.46±1.97% vs. 44.85±1.61%) associated with the 

secretion of pro-inflammatory cytokines and induction of apoptosis [73]; 

while only slighltly reducing accumulation of CD11b+F4/80hi macrophages 

(11.06±1.78% vs. 7.10±0.58%, Fig. 1I). CHP treatment also suppressed 

the recruitment of CD11b+Ly6C- monocytes (Fig. 1J), which migrate to 

the kidney following IRI and differentiate into pro-fibrotic M2 

macrophages [74, 75]. However, CHP treatment did not alter the 

lymphocyte fraction (Fig. 1K). These observations collectively indicate 

that CHP treatment attenuated inflammation, apoptosis, and macrophage 

infiltration in kidney IRI. 
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CHP attenuates oxidant injury in primary cultured kidney cells

To further investigate the mechanism underpinning these beneficial 

effects and translate these findings to humans, the kinetics and modes 

of cell death in primary cultured human proximal TECs exposed to 

hypoxia and serum deprivation, were investigated. Exposure to hypoxia 

(1% O2) and serum deprivation for 6 h followed by reoxygenation led to 

a transient, yet significant increase in Hypoxia-inducible factor 1α(HIF1

α) expression (Fig. 2A), which was attenuated by CHP (hypoxia; 

5.74±0.65 vs. 3.14±0.34, in fold changes; Fig. 2B). In line with what 

was observed in kidney IRI, NRF2 expression was increased after CHP 

treatment, which was augmented after reoxygenation (hypoxia; 

0.62±0.08 vs. 1.68±0.28, re-oxygenation; 2.16±0.39 vs. 4.87±0.51, in 

fold changes; Fig. 2C). Flow cytometric analysis with Annexin-PI further 

revealed that CHP treatment consistently decreased apoptosis in TECs 

in a dose-dependent manner (hypoxia vs. CHP 500ng/mL; 20.53±2.15% 

vs. 9.33±0.28%; Fig. 2D). 

Next, the effect of CHP on oxidative stress-induced cell death and 

ROS production in primary cultured human TECs were evaluated. CHP 

reduced both the extent of cell death (H2O2 vs. CHP 160 ng/mL vs. 

CHP 4000 ng/mL; 34.57±2.25% vs. 33.00±1.53% vs. 12.87±1.36%) and 

ROS levels (350.5±17.32% vs. 332.3±23.86% vs. 166.9±7.36%) in a 

dose-dependent manner (Fig 2E, 2F). These alterations were 

accompanied by a suppressed expression of p53, BAX, p65, and IL-11 

after CHP treatment (Fig. 2G). Similar to that the observed in the IRI 

mouse model, NRF2 expression was higher (H2O2 vs. CHP 4000 ng/mL; 

2.11±0.13 vs. 4.13±0.47, in fold changes) in CHP-treated TECs 

whereas the expression of KEAP1, as well as that of apoptosis and 

inflammatory markers, was significantly reduced (Fig. 2G, in fold 

changes; p53, 4.89±0.63 vs. 2.42±0.30; p65, 3.52±0.36 vs. 2.25±0.20; 
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IL-11, 8.23±1.27 vs. 4.07±0.64). 

Next, evaluation was performed on podocytes, another type of kidney 

cell located in glomeruli. Primary human podocytes treated with H2O2

for 10 h exhibited a robust increase in cell death, which were 

attenuated by CHP in a dose-dependent manner (H2O2 vs. CHP 6 ng/mL 

vs. CHP 30 ng/mL, 52.12±2.56% vs. 26.38±3.89% vs. 7.08±0.98%; Fig. 

2H). ROS levels, as well as production of IL-8, were increased 24 h 

after H2O2 challenge (H2O2 vs. CHP 800 ng/mL; ROS, 712.0±12.55 vs. 

562.5±29.73, in RFU; IL-8, 8038±601.4 vs. 4414±535.0, in pg/mL), 

while CHP treatment dose-dependently attenuated these changes (Fig. 

2I, 2J).

The efficacy of CHP at various time points i.e., 1 hour before (-1 h), 

at the same time (0 hr), and after (+1 h) H2O2 challenge were 

examined. Changes in transcript levels were measured 24 h after the 

H2O2 challenge (Fig. 2K). Following CHP treatment, the expression of 

NRF2 (-1 h, 0.24±0.03 vs. 0.76±0.08, in fold changes) and podocytes 

junction gene Zo-1 (-1 h; 0.21±0.02 vs. 0.43±0.01, in fold changes) 

was restored. In contrast, expression of the cell cycle arrest gene p21

(-1 hr; 1.70±0.26 vs. 0.93±0.11, in fold changes) and pro-apoptotic 

gene p53 (-1 h; 1.37±0.10 vs. 0.52±0.03, in fold changes) were 

suppressed (Fig. 2L), indicating reduced cell death, and podocyte injury.

Docking analysis suggests the possible mechanism underlying the 

inhibitory activity of CHP toward KEAP1

Simulation analysis revealed that the serine, and arginine residues of 

KEAP1 are expected to have interact directly with CHP (Fig. 3). The 

results of docking analysis suggested that CHP inhibits KEAP1 by 

forming CHP-KEAP1 complex. 

Taken together, observations in kidney IRI and primary cultured 
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human kidney cells suggest that pharmacological activation of the NRF2 

pathway with exogenous CHP could protect against kidney failure by 

reducing tubulointerstitial inflammation, cell death, apoptosis, and 

fibrosis.

Effect of CHP in CKD

CHP inhibits fibrotic kidney injury in an UUO mouse model 

The efficacy of exogenous CHP to reduce cell death, inflammation, 

and kidney fibrosis was assessed in a 10-day unilateral ureteral 

obstruction (UUO) mouse model. The mice were treated at various time 

points after UUO. For pre- and post-treatment, CHP (10 mg/kg or 20 

mg/kg, with oral gavage) was administered 2 days before and after the 

UUO operation, respectively. Additionally, a separate set of mice was 

treated on the day of the UUO operation (concomitant group). CHP was 

administered once every two days for five times in all treatment 

groups (Fig. 4A for experimental outline). The kidney from pre-treated 

CHP mice was found to the retain their kidney size, compared with 

that of untreated UUO mice (Fig. 4B). Specifically, the untreated UUO 

kidney had a dilated pelvis and atrophied parenchyma particularly in 

the medullary portion, although CHP pre-treated kidney demonstrated 

preserved pelvis size and parenchyma (Fig. 4C).  

In all groups, NRF2 protein expression was decreased in the obstructed 

kidneys (Fig. 4D-F). UUO also induced expression of a protein marker 

of inflammation (pP65; pre-treatment, UUO vs. CHP 20mg/kg, 

1.53±0.05 vs. 0.56±0.18; concomitant, 2.45±0.11 vs. 0.92±0.14; 

post-treatment,  3.14±0.18 vs. 2.37±0.34, in fold changes), apoptosis 

(pP16; pret-reatment, 1.53±0.19 vs. 0.36±0.08; concomitant, 0.91±0.01 

vs. 0.60±0.08; and post-treatment, 1.33±0.12 vs. 0.76±0.15, in fold 
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changes), and fibrosis (Snail; pre-treatment, 1.53±0.05 vs. 0.56±0.18; 

concomitant,  4.50±0.31 vs. 1.06±0.21; and post-treatment, 1.56±0.14 

vs. 0.95±0.17; collagen 1, pre-treatment, 1.59±0.04 vs. 0.31±0.05; 

con-comitant, 2.45±0.11 vs. 0.92±0.14; and  post-treatment, 2.12±0.06 

vs. 0.86±0.14, in fold changes; Fig. 4D-F). Furthermore, in kidney 

sections, UUO increased staining with Masson’s trichrome and NGAL. 

CHP pre-treatment significantly reduced the extent of kidney fibrosis 

markers (pre-treatment; UUO vs. CHP 20 mg/kg; 17.94±0.79 vs. 

5.22±0.32, %; Fig. 4G, top row) and the expression of NGAL 

(pre-treatment; UUO vs. CHP 20 mg/kg; 13.17±2.26 vs. 6.62±1.05, %; 

Fig. 4H, top row). These findings indicate that CHP may have a 

prophylactic benefit when administered before kidney injury. Also, when 

CHP was given concomitantly on the day of ureteral ligation, and 2 

days after surgery, these renoprotective effects were still observed, 

indicating that they occurred regardless of the timing of the initiation 

of CHP treatment (Fig. 4E, 4F). These results suggest that CHP 

protects mice from kidney injury by decreasing tubulointerstitial 

inflammation, cell death, and fibrosis, potentially via activation of the 

NRF2 pathway. Furthermore, data from the present study indicate the 

efficacy of CHP in both prophylactic and therapeutic treatment 

regimens.

CHP attenuates fibrosis in 5/6 Nx rats

Further investigation into the therapeutic effects of CHP in a model 

of CKD was performed in a 5/6 nephrectomy (5/6 Nx) model using 7 

week-old male Sprague Dawley rats. Administration of CHP was 

initiated 3 days before left partial nephrectomy and continued until 8 

weeks after right nephrectomy (Fig. 5A). Each rat freely consumed ~20 

mL per day of CHP-containing (20 mg/L), or pure water throughout the 
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study. Evaluation was performed at 8 week from establishment of 5/6 

Nx model. Compared with 5/6 Nx control rats, CHP-treated rats were 

heavier (5/6 Nx vs. 5/6 Nx+CHP; 332.8±10.40 g vs. 391.5±12.67 g), had 

lower urinary protein excretion (urine protein/creatinine ratio; 

31.44±2.85 vs. 22.33±2.14) and lower serum creatinine (2.61±0.22 vs. 

1.83±0.19, in mg/dL). Interestingly, CHP also lowered systolic blood 

pressure (197.73±5.36 vs. 166.6±7.25, in mmHg; Fig. 5B). CHP-treated 

rats exhibited smaller glomerular area, fewer intraglomerular cells, and 

smaller areas of fibrosis compared with control rats 8 weeks after 5/6 

Nx (histologic damage score; 3.30±0.12 vs. 1.90±0.19; Fig. 5C, top 2 

rows). Moreover, NRF2 protein expression was significantly increased 

following the CHP administration, predominantly in the tubular area 

(7.70±0.84% vs. 13.94±1.82%; Fig. 5C). For semiquantitative assessment 

of glomerular and interstitial fibrosis, kidney tissues were dyed with 

collagen 1, Sirius Red, and Masson’s trichrome. CHP treatment 

reduced Masson’s trichrome-positive extracellular deposits in the 

tubulointerstitial compartment (28.45±2.94% vs. 10.34±2.11%; Fig. 5D). 

Sirius Red and collagen 1 staining also demonstrated reduced fibrotic 

collagen deposition in the glomerular and tubulointerstitial space (Sirius 

red, 20.55±0.72% vs. 14.35±1.20%; collagen 1, 9.56±1.52% vs. 

4.25±0.29%; Fig. 5D). These results demonstrate the protective effect 

of CHP against kidney fibrosis in a 5/6 Nx model. 

Additionally, the infiltration of CD3+ T cells (3.15±0.23% vs. 

1.64±0.27%; Fig. 5E) and CD68+ macrophages (4.11±0.36% vs. 

2.16±0.23%; Fig. 5E), which were more abundant in the kidneys after 

5/6 Nx, were reduced by CHP treatment. Furthermore, CHP-treated 

rats showed significantly lower expression of NGAL (8.91±0.83% vs. 

5.72±0.34%; Fig. 5F) and pSTAT3 (1.60±0.34% vs. 0.52±0.12%; Fig. 5F) 

in the remnant kidney tissue compared to untreated rats. Also, TUNEL 
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positive cells were robustly reduced in CHP-treated rats (19.56±2.73% 

vs. 8.09±1.52%; Fig. 5G), indicating protection against apoptosis/cell 

death pathways. Together, these data indicate that CHP treatment has 

significant anti-inflammatory and anti-apoptotic effects in this 5/6 Nx 

model.

In 5/6 Nx, RNA sequencing reveals that CHP treatment limits 

inflammation and preserves mitochondrial function

Next, the transcriptomic signatures associated with chronic kidney 

injury were investigated in kidneys obtained from eight rats, at 8 

weeks post-5/6 Nx. RNA sequencing analysis revealed a clear 

separation between sham, 5/6 Nx, and 5/6 Nx+CHP groups on the 

principal component analysis (Fig. 6A, 6B). Along the axis of the first 

dimension, sample groups were clearly clustered, the CHP+CRF group 

was closer to the sham samples than the CRF group. A comparison of 

5/6 Nx with 5/6 Nx+CHP group revealed that CHP resulted in significant 

up-regulation of 30 genes and down-regulation of 26 genes (Table 3, 

Fig. 6B). Gene-set enrichment analysis using GO categories further 

indicated that CHP treatment most significantly down-regulated gene 

sets related to immune and inflammatory processes (Fig. 6C-6G), as 

well as multiple GO biological processes (BP), cellular component (CC) 

and molecular function (MF) terms related to ECM (Fig. 6C-6G, 6J). 

Also, several mitochondria-related gene sets were among the most 

up-regulated CC terms. Next, UpSet plots revealed how all genes 

measured by RNA sequencing segregated into four different categories 

(up/down-regulated by CHP, up/down-regulated by CRF) and how many 

genes belonged to the intersection of these categories. Interestingly, GO 

enrichment analysis demonstrated that genes up-regulated by 5/6 Nx 

and down-regulated by CHP were enriched in terms related to 
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inflammation and ECM. In comparison, mitochondrial terms were 

enriched among genes down-regulated by 5/6 Nx and up-regulated by 

CHP. Similar with these findings, GSEA analysis revealed that 5/6 Nx 

caused up-regulation of inflammatory and pro-fibrotic genes and 

down-regulation of mitochondrial genes (Fig. 6K, 6L). Together, RNA 

sequencing data demonstrated that CHP treatment counteracted and 

rescued 5/6 Nx at the transcript level by limiting inflammation and 

fibrosis and preserving mitochondria. 

In human kidney cells CHP prevents cell cycle arrest, cell death 

and attenuates fibrosis in human kidney cells

Various molecular pathways identified as significant in the RNA 

sequencing data from 5/6 Nx animals were validated in cell cultures. 

For instance, CHP reduced the number of cells expressing the 

senescence-associated marker, β-galactosidase (Control vs. H2O2 vs.

CHP; 66.72±4.29 vs. 24.64±2.26 vs. 11.82±2.58, %; Fig. 7A, 7B).

CHP treatment also exerted an anti-apoptotic effect of CHP in 

primary cultured human TECs (Fig. 7C) and podocytes (Fig. 7D) that 

were treated with TGFβ. Apoptosis as measured by Annexin-PI was 

significantly reduced in a dose-dependent manner by CHP administered 

concomitantly with TGFβ (rTGFβ vs. rTGFβ + CHP 20 μg/mL vs. 

rTGFβ + CHP 100 μg/mL; hTECs, 16.67±0.81% vs. 13.50±0.56% vs. 

7.93±0.26%; podocytes, 16.80±0.89% vs. 8.93±0.98% vs. 6.83±0.33%; 

Fig. 7C and 7D). This effect was also reflected by reduced production 

IL-8 (hTECs; 2483±234.9 vs. 1565± 166.3 vs. 1058±72.6, podocytes; 

2526±189.0 vs. 1821±96.74 vs. 1345±119.0, in pg/mL; Fig. 7C and 7D). 

The effects of CHP on cell morphology and fibrosis-associated 

molecules in TGFβ-treated hTECs was also examined 48 h following 

treatment with different concentrations of CHP (4, 20, and 100 μg/mL). 
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TGFβ induced a fibroblast-like morphology represented in a 

spindle-like appearance that distinct cuboidal form seen in unstimulated 

TECs (Fig. 7E). Interestingly, addition of CHP to the medium restored 

cell morphology. Consistent with the morphological change, CHP 

countered the effect of TGFβ and prevented partial EMT (Fig. 7F), 

abrogating the up-regulation of fibronectin (rTGFβ vs. rTGFβ + CHP 

4 μg/mLr vs. TGFβ + CHP 20 μg/mL vs. rTGFβ + CHP 100 μg/mL; 

17.88±1.09 vs. 16.72±0.96 vs. 11.37±0.51 vs. 5.57±0.87, in fold 

changes) and pSTAT3 (1.70±0.08 vs. 1.18±0.14 vs. 0.90±0.05 vs. 

0.86±0.07, in fold changes), while attenuating the down-regulation of 

E-cadherin (0.60±0.04 vs. 0.78±0.13 vs. 1.40±0.04 vs. 1.82±0.08, in 

fold changes). Similarly, CHP treatment attenuated TGFβ-induced 

fibrosis in podocytes (Fibronectin, Fig. 7G). Taken together, these 

results indicate that CHP attenuates cell cycle arrest, apoptosis, and 

fibrosis in primary kidney cell cultures (Fig. 2, Fig. 7). This effect could 

explain its beneficial impact on lesions and injuries observed following 

subtotal nephrectomy (Fig. 4).

Plasma CHP concentrations in CKD  

To evalute the relationship between endogenous CHP levels and the 

degree of kidney dysfunction in CKD, plasma and urine concentrations 

of CHP were measured in samples from 5/6 Nx rats. At week 4 and 8 

post-5/6 Nx, the endogenous plasma CHP levels in control 5/6 Nx rats 

were slightly higher than those of the sham group, whereas 

CHP-treated 5/6 Nx rats exhibited marked increase in plasma CHP 

concentrations (5/6 Nx vs. 5/6 Nx + CHP; week 4, 3.43±1.21 vs. 

1.90±0.52; week 8, 1.206±0.150 vs. 9.61±5.26, in ng/mL; Fig. 8A). 

Meanwhile, the urinary excretion of CHP was significantly lower in the 

5/6 Nx than in the 5/6 Nx + CHP group (week 4, 1.09±0.22 vs. 
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821.6±180.9; week 8, 0.70±0.07 vs. 546.5±196.0, in ng/mg creatinine; 

Fig. 8B), and was inversely correlated with creatinine clearance (week 

4, 0.48±0.08 vs. 1.14±0.10; week 8, 0.24±0.04 vs. 0.90±0.07, in 

mL/min; Fig. 8C). Moreover, the CHP clearance of the 5/6 Nx group 

was lower than that of the sham group, however, was significantly 

increased in the CHP-treated 5/6 Nx group (2.49±0.42 vs. 0.45±0.15 

vs. 421.4±166.1, in mL/min; Fig. 8D). In the non-CHP-treated rats 

(sham and 5/6 Nx), a positive correlation was identified between CHP 

and creatinine clearance (R2=0.62, P<0.0001; Fig. 8E). 

To understand these results in the context of human CKD, CHP 

concentrations were measured in plasma and urine samples obtained 

from 378 patients undergoing kidney biopsy. The relationship between 

CHP concentration and kidney function or pathology was then assessed 

(Fig. 9). The clinical and laboratory characteristics of the patients are 

summarized in Table 4. The CKD patients were stratified into three 

groups by their estimated glomerular filtration rates (eGFRs) as 

calculated by the Modification of Diet in Renal Disease equation [76] 

(CKD1 and 2, >60 mL/min/1.73 m2; CKD3, 30-60 mL/min/1.73 m2; and 

CKD4 and 5, <30 mL/min/1.73 m2). The progressor group was defined 

as patients with a more than two-fold rise in serum creatinine or who 

required renal replacement therapy during biopsy follow up. Considering 

mean plasma CHP concentration in the normal population is 

approximately 0.8 ng/mL [77]. The endogenous plasma CHP 

concentrations were significantly elevated in patients with decreased 

kidney function (CKD1 and 2 vs. CKD3 vs. CKD4 and 5; 0.99±0.07 vs. 

1.36±0.07 vs. 2.33±0.15, in ng/mL, Fig. 9A) and increased proteinuria 

(1.01±0.06 vs. 1.25±0.09 vs. 1.70±0.11, in ng/mL; Fig. 9A). 

Furthermore, patients in the progressor group showed elevated plasma 

CHP levels, suggesting that CHP levels reflect kidney function and also 
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correlate with the rate of kidney function deterioration (1.17±0.05 vs. 

1.95±0.15, in ng/mL; Fig. 9A, second row). Pathologic features of CKD, 

namely tubular atrophy, tubular fibrosis, and infiltration of inflammatory 

cells correlated well with plasma CHP levels (Fig. 9B). GBM thickness 

and foot process effacement also showed a positive association with 

plasma CHP levels (Fig. 9C). The association between plasma CHP 

concentrations and the degree of kidney dysfunction was consistent in 

patients with IgA nephropathy (Fig. 9D) and diabetic nephropathy (Fig. 

9E). Furthermore, plasma CHP levels inversely correlated with eGFR 

(R2=0.14, P<0.0001; Fig. 9F).

The relationship between intrarenal NRF2 expression and CKD severity 

was also evaluated. Intrarenal NRF2 expression was significantly 

decreased in CKD and was lowest in patients with stage 4 or stage 5 

CKD (Fig. 9G and 9H, left panel). Patients with proteinuria >1 g/day 

and ‘CKD progressors’ also exhibited reduced NRF2 expression (Fig. 

9H, middle and right panel). Moreover, histological features of CKD 

(tubular atrophy, interstitial fibrosis, and inflammatory cell infiltration) 

were negatively correlated with NRF2 tissue expression (Fig. 9I). 

Meanwhile, NRF2 tissue expression and plasma CHP concentrations were 

a negatively associated (R2=0.24, P=0.0001), suggesting that CHP levels 

may increase to compensate for decreased NRF2 activity (Fig. 9J). In 

contrast to the negative correlation between CHP plasma levels and 

eGFR (Fig. 9F), NRF2 tissue levels were positively correlated with 

eGFR (R2=0.452, P<0.0001; Fig. 9K) and NRF activity showed negative 

association with global sclerosis (%), serum creatinine, and urine 

protein/creatinine ratio (Fig. 9L). Urinary levels of endogenous CHP, as 

determined by LC-MS/MS, showed no significant correlation with kidney 

function or histological features (Fig. 9M). 

The results of in vivo biodistribution experiments suggested that the 
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CHP was presented in the kidney, kidney cortex, and kidney medullar 1 

hour after oral administration. CHP was detected in the small intestine 

wall and its contents, stomach wall (non-glandular), Urinary bladder 

contents, and liver etc. (Fig. 10, Table 5). 
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Discussion

To our knowledge, this is the first study to reveal the efficacy of the 

cyclic dipeptide CHP to ameliorate kidney fibrosis and improve kidney 

function. Using several acute and chronic preclinical models of kidney 

injury, such as IRI-AKI, UUO and 5/6 nephrectomy, the present study 

demonstrated that treatment with exogenous CHP is a promising 

strategy for protection against AKI and CKD progression. These 

beneficial effects of CHP were recapitulated in two human cell types, 

i.e., primary cultured human TECs and podocytes. Finally, using 

LC-MS/MS results increased serum CHP levels were found to be 

negatively correlated not only with kidney function in CKD patients but 

also with pathological findings, such as glomerular and tubulointerstitial 

injuries. 

This study also demonstrated a possible association between the 

renoprotective effect of CHP and an enhanced NRF2 pathway. 

Exogenous CHP pre-treatment prevented kidney failure and caused a 

significant reduction in ischemia-induced tubular injury, apoptosis, and 

inflammation, as reflected by reduced cytokine production and 

inflammatory cell infiltration, in an IRI-AKI mouse model. Consistent 

with these data in an IRI-AKI model, CHP protected hTECs from 

hypoxia- (or H2O2-) induced cell death, an effect that was associated 

with reduced levels of IL-11, IL-18, and ROS levels. CHP was 

furthermore efficacious in reducing death of TECs, inflammation of 

interstitium, and fibrosis in the kidneys of a mouse model with UUO. 

Most importantly, also in a 5/6 Nx rat model of CKD, kidney function 

was protected, proteinuria was decreased and the presence of 

glomerulosclerosis and tubulointerstitial fibrosis was decreased when the 

remnant kidneys of untreated rats were compared with those of 
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CHP-treated rats. The transcriptomic analysis in the rat 5/6 

nephrectomy model further revealed candidate genes that were largely 

related to immune and inflammatory responses, regaulation of ECM 

components, and mitochondrial genes associated with CKD, fibrosis, and 

proteinuria.  

Given the reduction in NRF2 levels in the IRI-AKI and UUO mouse 

models, as well as in the 5/6 Nx rats and given the robust induction of 

NRF2 expression upon CHP treatment, the present study demonstrated 

that CHP achieves, at least part of its beneficial effects via activation 

of the NRF2 pathway. The attenuation of ROS production and apoptosis 

induced by H2O2 or hypoxia in cultured human podocytes and hTECs 

upon CHP is also consistent with the hypothesis that NRF2 activation 

and the resultant activation of antioxidant defense pathways mediates 

the improved kidney function in these rodent models. Finally, the fact 

that the kidney expression of NRF2 was significantly decreased in 

humans with CKD and that NRF2 expression was inversely correlated 

with plasma CHP levels, underscores that the link between NRF2 and 

kidney health may also be maintained in humans. 

Activation of the NRF2 pathway could explain the anti-inflammatory, 

anti-apoptotic, and anti-fibrotic effects of CHP. In normal oxidative 

stress states, NRF2 is bound to KEAP1, one of the redox-sensitive 

ubiquitin ligase substrate adaptors [24]. KEAP1 maintains NRF2 in an 

inactive state at the cytoplasm and induces the ubiquitination and 

proteasomal degradation of NRF2-KEAP1 complex [78]. This degradation 

process occurs quickly as the half-life of NRF2 is within 30 minutes 

[79], thereby maintaining low basal NRF2 levels [80]. Meanwhile, in the 

presence of oxidative stress, the cysteine residue of KEAP1 provokes a 

conformational change that causes detachment of NRF2 from KEAP1 

[27, 81]. The released NRF2 accumulates in the nucleus, binds to the 
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antioxidant response element, and started transcription of target genes 

including NADPH quinone oxidoreductase1, heme-oxygenase1, 

glutathione peroxidase and thioredoxin which are related to antioxidant 

and anti-inflammatory processes as well as improved mitochondrial 

function [80, 82]. Since KEAP1 operates as a negative regulator of 

NRF2, the up-regulation of KEAP1 may be associated with inactivated 

NRF2. In a ADPKD mouse model, increased KEAP1 levels accompanied 

repressed NRF2 levels compared with wild type mice [33]. The cerebral 

cortex of the 5/6 Nx rat model also demonstrated up-regulated KEAP1 

and down-regulated NRF2 [83], which was observed in the present 

study in the positive control group in IRI and hTECs with H2O2

induction model. Conversly, the CHP treated-group displayed decreased 

KEAP1 and increased NRF2. The changes of KEAP1 and NRF2 in the 

CHP-treated group indirectly implies an association between CHP 

administration and NRF2 enhancement. To verify the influence of CHP 

on NRF2, simulation using protein-ligand modeling by Rosetta was 

performed, in which, CHP was found to interact with serine or arginine 

residue of KEAP1. These results support the hypothesis that CHP 

activates NRF2 by inhibiting formation of the NRF2-KEAP1 complex 

through interacting with KEAP1. 

Recently, studies have reported that enhancement of the NRF2 

pathway can be used to treat various diseases. For instance activating 

NRF2 pathway by microbial metabolite Urolithin A improved gut barrier 

integrity [84]. Meanwhile, another NRF2 enhancer, sesamin reduced 

oxidative stress and colonic inflammation [85]. Safflower extract and 

aceglutamide ameliorated cerebral IRI via enhancing NRF2 and 

inhibiting activation of the ASK1 pathway [86]. In AKI, T-cell specific 

enhancement of NRF2 preserved kidney function and improved survival 

in IRI mice [87]. Moreover, in various animal model such as UUO [88], 
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cisplatin nephropathy [89] and lupus nephritis model [90], several 

pharmacologic NRF2 enhancers have demonstrated renoprotective 

effect. 

Among the NRF2 enhancers, bardoxolone methyl (CDDO-ME) is likely 

the most well studied. The BEACON trial is a phase 3 trial that 

administered bardoxolone to CKD stage 4 DM nephropathy patients, 

which was terminated early due to increased risk of heart failure 

although bardoxolone had demonstrated its ability to improve GFR [30]. 

The post-trial analysis revealed that bardoxolone decreased urinary 

volume and sodium excretion which induced fluid retention and heart 

failure [91]. Elevated baseline BNP (>200pg/mL) and prior history of 

hospitalization for heart failure were the major risk factors for 

bardoxolone-associated heart failure in DM-CKD stage 4 patients [92]. 

Meanwhile, clinical trials with bardoxolone are currently in progress in 

low-risk patients. A phase 2 clinical trial, TSUBAKI, was performed in 

DM-CKD stage 3 patients without risk factors for 

bardoxolone-associated heart failure and reported that bardoxolone 

significantly increased GFR [93]. Another clinical phase 3 trial, AYAME, 

is ongoing to confirm the effect of bardoxolone in DM-CKD patients. 

Clinical trials using bardoxolone are also being conducted for other 

kidney diseases, such as Alport syndrome (CARDINAL) and ADPKD 

(FALCON) [91].

However, NRF2 enhancement can induce deleterious effects. Indeed, 

following administration of bardoxolone analog to a type 2 DM model 

(Zucker diabetic fatty rats) urinary protein excretion was increased in 

rats administered the bardoxolone analog alone or combined with ACE 

inhibitors. Bardoxolone analog treatment also aggravated 

glomerulosclerosis, tubular dilatation, atrophy, and cast formation. The 

treatment also led to elevated liver enzymes and deteriorated liver 
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pathology including vacuolization and degeneration [94]. Moreover, the 

mechanism by which bardoxolone improve GFR remains unclear, while, 

glomerular hyperfiltration is presumed to play a role. If so, bardoxolone 

could lead a rapid decline in kidney function over time even though it 

initially improved GFR [95]. 

When AKI occurs, the tubular cells progress the cell cycle and 

proliferate to repair kidney damage [96, 97]. However, in the case of 

severe injury or DNA damage, cell cycle arrest occurs. Transient cell 

cycle arrest can allow the necessary time required for DNA damage 

repair, to evade maladaptive repair [98]. However, in high stressful 

states, or in the presence of persistent cell cycle arrest, tubular cells 

become arrested at the G2/M checkpoint and begin to secrete 

pro-fibrotic cytokines that activates fibrosis associated signaling 

pathways, thereby worsening fibrosis and CKD progression [99].

In the IRI model which represents AKI, the microarray results 

exhibited up-regulation of genes implicated in cell cycle arrest, 

including Rb1, plk3, and Gadd45, with no effect observed on in p21

gene expression. Meanwhile, PCR results in CHP treated IRI mice 

showed decreased mRNA abundance of p21 which contributes to cell 

cycle arrest. The differences between the results may have been 

caused by small number of samples (two mice per each group) used in 

microarray analysis. Additionally, since changes in biological processes 

including cell cycle, are the integrated result of alterations in multiple 

genes, there are limitations associated with applying the results for a 

single gene to an entire pathway.

In 1982, Y Koch and colleagues, injected CHP into the tail vein of rats 

and subsequently measured exogenous CHP levels in the serum and 

urine. The serum concentration of CHP decreased by half within the 

first 1.25 minutes; however, an additional 33 minutes was required for 
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it to decrease to 1/4. The CHP that left the serum was then detected 

in the urine, which was 100 times higher than that of the serum five 

minutes after CHP administration [100]. These findings were in line 

with those of the present study. Herein, CHP was detected at elevated 

level in liver, bile, kidney, bladder and urine 30 min after 

administration, suggesting that CHP is not degraded in the 

gastrointestinal tract due to ability to resist proteolysis [37]. CHP can 

be absorbed via the gastrointestinal tract and become excreted in the 

form of urine through the kidneys within a short period of time. 

The relationship between serum and urine CHP concentrations may 

explain the observed difference in plasma and urine CHP concentrations 

among the rats in 5/6 Nx model group. In the 5/6 Nx model 

experiment, considering that the treatment group had free access to 

CHP in a mixed form with drinking water, the time interval between 

plasma/urine sampling and CHP consumption may have varied between 

rats. The effect of this difference on the concentration of CHP would 

be amplified since CHP excreted in urine within a short timeframe if 

its blood concentration is elevated.

The results of the current study also determined the correlation 

between plasma and urine CHP levels at various stages and in different 

types of human CKD. This analysis indicated that CHP clearance was 

decreased with reduced creatinine clearance, resulting in the 

maintenance, or increase, in plasma CHP levels. Moreover, based on 

findings that CHP administration increases NRF2 levels and protects the 

kidney against various forms of injury, these regulates may 

cumulatively suggest that the enhanced reabsorption of CHP following 

CKD progression could represent a compensatory response to enhance 

the NRF2 activity in humans. The subsequent antioxidant and 

anti-inflammatory response would protect the kidney from further 
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injury or stress. These findings are in line with a previous study in 

which the mRNA expression of NRF2 was reduced in the peripheral 

blood of ESKD patients [101], muscle of CKD patients [102], uremic 

brain [83], kidney from 5/6 Nx rats [103], and ADPKD [33].

The fact that the elevated demand for CHP to counter injury can be 

satisfied not only through increases in endogenous CHP levels, but also 

through the administration of exogenous CHP supplementation, further 

indicates that CHP could be a viable preventive or therapeutic strategy 

in the context of various kidney disorders. The measurements of urine 

CHP concentration and CHP clearance in the 5/6 Nx rat model treated 

with CHP, also indicate that CHP is readily  excreted through urine, 

which may provide an explanation for the lack of strong increase in 

plasma CHP concentrations in CHP-treated animals, which differs from 

the significant increase in urine CHP levels. This particular relationship 

between plasma and urine CHP concentration could be important to 

avoid adverse effects induced by high CHP plasma concentrations and 

prolonged exposure when used as a therapy. 

Certain limitations were noted in this study. First, since CHP is a small 

molecule, attaching tracers is difficult. Moreover, should a tracer by 

successfully attached it would likely interfere with the functioning of 

CHP. Hence, this posed a challenge for identifying the mechanism of 

CHP. In an attempt to circumvent this issue, an indirect method was 

used to identify the mechanism of CHP.  However, further experiments 

including the use of Nrf2 KO animals or NRF2-KEAP1 binding assays 

will be conducted to provide direct evidence of its mechanism.  Second, 

for CHP to be used as a treatment, it is necessary to identify any 

associated adverse effects following its administration with ACE 

inhibitors or ARBs, which represent the backbone of the current CKD 

treatment strategies, in preclinical studies. 
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Taken together, results of this study demonstrate that CHP plays an 

important role in driving the repair mechanism that prevents 

development of glomerular and tubulointerstitial fibrosis, potentially 

through activating the NRF2 signaling pathway. 
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Table 1. Real time PCR, primer (mouse)

Genes Forward primer (F) 5’ → 3’ Reverse primer (R) 5’ → 3’
Nrf2 5’-GCTGCGTTCTACCAGGAACT-3’ 5’-CATCTGTCAGGTCCCACACC-3’

TGFβ 5’-TTGCCGAGGGTTCCCGCTCT-3’ 5’-CCTCCCGGGGGTCAGCACTA-3’

IL-6 5’-ACCAGAGGAAATTTTCAATAGGC-3’ 5’-TGATGCACTTGCAGAAAAACA-3’
MCP-1 5’-CCACAGCATGGACGAATTCA-3’ 5’-AGCTTGCTTTGTGGCCTTCA-3’

CCR6 5’-TGCCAATTGCCTACTCCTTAATA-3’ 5’-TCAGTCATGGATCTGGCTTTC-3’
CCL20 5’-CAAGACAGATGGCCGATGAA-3’ 5’-CCCAGTTCTGCTTTGGATCA-3’

MSR1 5’-TCCGTGAATCTACAGCAAAGC-3’ 5’-CTTCCTGTTTTACTTCCTGTTCC-3’

P21 5’-GCAGACCAGCCTGACAGATTTC-3’ 5’-TTCAGGGTTTTCTCTTGCAGAAG-3’
BCL-2 5’-GGAAGGTAGTGTGTGTGG-3’ 5’-ACTCCACTCTCTGGGTTCTTGG-3’

C-JUN 5’-GCATGAGGAACCGCATTGCCGCCTCCAAGT-3’ 5’-CAGTCTGCTGCATAGAAGGAACCG-3’
C-FOS 5’-GAGCTGACAGATACACTCCAAGCG-3’ 5’-CAGTCTGCTGCATGAAAGGAACCG-3’

NGAL 5’-AACATTTGTTCCAAGCTCCAGGGC-3’ 5’-CAAAGCGGGTGAAACGTTCCTTCA-3’
KIM-1 5’-AGGAACGAAATTTGCACATCAGT-3’ 5’-CAAAGTGACGGCTCTGGTAGTCCT-3’

Pi15 5’-TTGCCAAAACATGAACGTCTG-3’ 5’-GTGCTTCTCCTATCCAGTTACC-3’
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Table 2. Real time PCR, primer (human)

Genes Forward primer (F) 5’ → 3’ Reverse primer (R) 5’ → 3’
HIF1α 5’-ACTCATCCATGTGACACG-3’ 5’-TAGTTCTCCCCCGGCTAG-5’

Nrf2 5’-CTCGCTGGAAAAAGAAGTG-3’ 5’-CCGTCCAGGAGTTCAGAGG-3’
P53 5’-CCCCTCCTGGCCCCTGTCATCTTC-3’ 5’-GCAGCGCCTCACAACCTCCGTCAT-3’

Bax 5’-CCTGTGCACCAAGGTGCCACT-3’ 5’-CCACCCTGGTCTTGGATCCAGCCC-3’

P65 5’-GGAATGTTCGGTAGTGG-3’ 5’-CCCTGCGTTGGATTTCGTG-3’
IL-11 5’-TGCACCTGACACTTGACTG-3’ 5’-TAAGATCTGGCTTTGGAAGGAC-3’

IL-18 5’-GATACCCGTTGAACCCCATT-3’ 5’-CCATCCAATCGGTAGTAGCG-3’
P21 5’-CAGGCCGGGATGAGTTGGGAGGAG-3’ 5’-CAGCCGGCGTTTGGAGTGGTAGAA-3’

ZO-1 5’-GCAGCCACAACCAATTCATAG-3’ 5’-GAAAGGTAAGGGACTGGAGATG-3’
Fibronectin 5’-TCCTGTCTACCTCACAGACTAC-3’ 5’-GTCTACTCCACCGAACAACAA-3’

GAPDH 5’-TATGTCGTGGAGTCTACTGGT-3’ 5’-GAGTTGTCATATTTCTCGT-3’
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Table 3. Differentially expressed gene which were significantly up- or down- regulated when comparing 5/6 

Nx and 5/6 Nx with CHP treated groups. Significance thresholds: P<0.05 and log fold change of log2 (1.5)

Genes
Up-regulated Usp2 Slc7a13 LOC361914 Mep1b Slco1a6

Anpep Akr7a3 Abca7 Rgn Chst2
Akr1c12l1 Etnppl Slc7a12 Slc22a2 Zhx3
Gclc LOC102554608 Slc9a3 Cacng5 Abhd14a
Pim3 Prss30 Fmo3 Crym Osgin1
Pm20d1 LOC103690120 AABR07001025.1 AABR07058658.1 AABR07027240.1

Down-regulated Bcl3 Adra1d Smtnl2 Col8a1 Tgif1
Ltbp2 Pxdn Sbno2 Tgfb2 Dcdc2
Spp1 C4b LOC103689965 Sfn Cdkn2b
Rbm3 Tsc22d1 Slc34a2 Ptprz1 Adamts4
Ifnlr1 Olr1 Tpbg Postn Cp
Pik3r1
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Table 4. Baseline patients’characteristics. Plasma and urine samples were obtained from CKD patients, who 

were diagnosed with  diabeticnephropathy or IgA nephropathy by kidney biopsy. Values are means ± SD for 

continuous variables and n (%) for categorical variables. 

BMI: Body Mass Index, BUN: Blood urea nitrogen, Statistical analysis was performed using one-way ANOVA 

using Turkey’s test.

Variable
Total

(n=378)

CKD stage 1, 2

(n=202)

CKD stage 3

(n=123)

CKD stage 4, 5

(n=53)
P value

Follow up duration (days) 739.37±512.25 828.08±544.45 714.26±456.88 739.37±512.25 <0.001

Age (year) 45.95±15.64 40.03±14.63 53.71±13.65 50.51±14.51 <0.001

Sex (male, %) 201 (53.17%) 96 (47.52%) 79 (64.23%) 26 (49.06%) 0.011

BMI (kg/m2) 24.60±4.24 24.44±4.30 24.50±4.06 25.44±4.41 0.299

Diabetes, n (%) 84 (22.22%) 21 (10.40%) 41 (33.33%) 22 (41.51%) <0.001

IgA nephropathy, n (%) 283 (74.87%) 180 (89.11%) 75 (60.98%) 28 (52.83%) <0.001

Blood hemoglobin (g/dL) 12.41±2.03 13.23±1.64 11.84±2.02 10.59±1.87 <0.001

Serum albumin (g/dL) 3.72±0.54 3.86±0.40 3.68±0.56 3.30±0.69 <0.001

BUN (mg/dL) 21.33±12.64 14.40±4.15 23.50±7.73 42.72±16.94 <0.001

Creatinine (mg/dL) 1.49±1.24 0.87±0.21 1.56±0.32 3.65±2.14 <0.001

Hs-CRP (mg/dL) 0.31±0.1.55 0.30±1.88 0.29±0.99 0.43±1.16 0.844

Urine protein/Creatinine ratio 2.67±3.12 1.78±1.91 3.05±3.25 5.17±4.67 <0.001

Plasma CHP level (ng/mL) 1.30±1.00 0.99±0.93 1.36±0.72 2.35±1.10 <0.001

Urine CHP level (ng/mL) 43.14±34.90 46.30±31.89 45.12±40.19 33.81±20.05 0.310
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Table 5. Concentration of [14C]-CHP-derived radioactivity (μg equiv/g). 

The radioactivity concentrations in plasma and tissues of male 

long-evans rats following an oral dose of [14C]-CHP at 10 mg/kg (100 

μCi/kg) are listed.

Tissue [14C]-CHP-Derived Radioactivity (μg equiv/g)
Hours Post Dose

0.5 1 4 8 24 48 96
Plasma 0.438 0.366 0.133 0.133 0.336 0.0979 0.0839

Blood 0.373 0.308 0.091 0.083 0.235 0.079 0.088

Aorta 0.373 0.419 0.112 0.101 0.314 0.2 0.169

Non-pigmented skin 0.202 0.18 0.137 0.118 0.185 0.143 0.208

Pigmented skin 0.23 0.229 0.113 0.0686 0.157 0.0961 0.195

Adrenal cortex 0.547 0.692 0.607 0.19 0.735 0.343 0.518

Adrenal gland 0.519 0.668 0.597 0.178 0.702 0.38 0.48

Adrenal medulla 0.438 0.55 0.524 0.174 0.63 0.476 0.376

Pituitary gland 0.229 0.246 0.109 0.149 0.308 0.0927 0.292

Thyroid gland 0.328 0.298 0.147 0.162 0.479 0.193 0.292

Brown fat 0.304 0.3 0.101 0.0968 0.971 0.349 0.574

Cecum mucosa 0.501 0.474 33.9 46 3.57 0.325 0.329

Esophagus wall 38.5 0.669 0.18 0.0632 0.195 0.188 0.0859

Large intestine wall 1.82 1.56 34.7 40.1 5.62 0.182 0.441

Small intestine wall 1.63 54.4 2.38 0.277 0.872 0.359 0.164

Stomach wall 

(glandular)
21.2 1.81 0.236 0.218 0.554 0.206 0.276

Stomach wall 

(non-glandular)
93.6 12.5 0.213 0.112 0.308 0.18 0.152

Cecum contents 0.162 0.269 331 357 4.39 0.21 0.0856

Small intestine 

contents
7.28 319 5.24 0.947 0.252 0.423 0.0579

Urinary bladder 

contents
28.8 16 53.8 8.19 0.102 0.0812 0.075

Bone marrow (femur) 0.264 0.328 0.134 0.160 0.752 0.296 0.254

Lymph node (cervical) 0.260 0.315 0.112 0.0648 0.361 0.159 0.309

Spleen 0.439 0.343 0.147 0.163 0.628 0.281 0.279

Thymus 0.275 0.362 0.139 0.118 0.281 0.176 0.218

Bile (in duct) 2.66 1.48 0.621 0.292 0.318 0.345 0.150

Kidney 1.79 3.39 0.841 0.486 0.444 0.226 0.259

Kidney cortex 1.63 4.12 0.878 0.464 0.488 0.254 0.298

Kidney medulla 2.11 2.53 0.753 0.520 0.370 0.181 0.208

Liver 1.89 1.70 0.656 0.473 1.20 0.410 0.300
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Urinary bladder wall 13.3 11.3 15.8 8.09 0.139 0.103 0.438

Heart 0.406 0.430 0.160 0.109 0.218 0.137 0.186

Muscle (femoral) 0.178 0.304 0.130 0.121 0.154 0.0881 0.131

Epididymis 0.156 0.187 0.183 0.114 0.201 0.127 0.173

Prostate 0.385 0.333 0.208 0.478 0.266 0.138 0.140

Seminal vesicle 0.150 0.301 0.575 0.489 0.249 0.163 0.234

Testis 0.0808 0.0779 0.0914 0.0847 0.115 0.0820 0.0874

Lung 0.345 0.416 0.148 0.113 0.37 0.151 0.226

Trachea 0.166 0.245 0.106 0.0967 0.461 0.185 0.137

Pancreas 0.324 0.372 0.213 0.344 0.416 0.205 0.220

Bone (femur) 0.142 0.116 0.112 0.227 0.184 0.0939 0.138
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Figure 1.  Exogenous CHP treatment ameliorates renal cell injury in 

ischemia reperfusion injury (IRI) model. The samples used in evaluation 

were derived from IRI model, 24 hours after disease induction. (A) 

Schematic illustration of IRI mice model. (B) Representative images of 

PAS stained kidney sections of IRI model. The bar graph showed the 

histological damage score for tubular necrosis, cast formation and 

tubular dilatation for sham, IRI (n=5) and CHP treated IRI mice (n=5). 

(Scale bars: 100μm) (C) Representative images of TUNEL assay (Scale 

bars: 100μm). CHP treatment decreased TUNEL positive cell deaths. 

(D) CHP treated mice showed lower serum creatinine and BUN levels. 

(E) Microarray analysis revealed that CHP affected a variety of genes 

which were implicated with apoptosis, inflammation, ECM metabolism 

and ROS formation. (F) Representative images of western blots from 

whole kidney lysate of IRI mice. Densitometry analysis of western blot 

revealed that CHP treatment decreased p65, pStat3, Ngal levels and 

elevated Nrf2 protein expression. (G) In CHP treated kidney lysates, 

pro-inflammatory cytokine concentration was measured in lower level 

compared with IRI group. (H) The CHP treatment elevated transcript 

levels of Nrf2, decreased Keap1, and suppressed several genes involved 

in inflammation, chemotaxis, cell cycle, apoptosis, and kidney injury 

marker. (I) Flow cytometry of macrophages (CD11b+F/480+) obtained 

from kidneys at three hours after IRI. CHP treatment inhibited 

macrophage infiltration (J) Flow-cytometric analysis of CD11b+/Ly6C+ or 

Ly6C– monocytes. (K) Subpopulations of infiltrated lymphocytes was not 

changed by CHP treatment. Statistical analysis was performed using the 

Student’s two-tailed t test. *P<0.05, **P<0.01, ***P<0.001, Values are 

mean ± SEM.  
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Figure 2. CHP protects primary cultured kidney cells against oxidative 

stress in various in vitro models. (A) Schematic illustration of the in 

vitro hypoxia-reoxygenation model. (B) After exposure to 1% O2, HIF1α 

mRNA levels were lower in CHP treated cells. (C) CHP treated hTECs 

expressed high levels of NRF2 mRNA in hypoxic state. NRF2 was 

increased more significantly after the reoxygenation period in CHP 

treated hTECs. (D) CHP treatment decreased Annexin/PI positive cell 

deaths in hypoxia-reoxygenation model. (E) Schematic illustration of the 

in vitro H2O2 induction model using hTECs. (F) Cell viability and ROS 

formation were evaluated in hTECs. CHP treated hTECs showed a 

lower proportion of dead cells and less ROS formation in a 

dose-dependent manner. (G) CHP treated cells showed elevated NRF2 

and suppressed Keap1 trascript levels. CHP treatent lowered transcript 

levels of genes associated with apoptosis (p53) and  inflammation (P65, 

IL-11). (H) Representative images of cell integrity assay. CHP protected 

podocyte against cell death in a dose dependent manner (Scale bars: 50

μm). (I) Schematic illustration of H2O2 induction model in podocytes. (J) 

CHP treatment impeded ROS formation and IL-8 secretion. (K) 

Schematic illustration of H2O2 induction at various time points in 

podocytes. (L) Regardless of the timing of CHP administration, similar 

changes in RNA abundance were observed 24 h after H2O2 induction. 

Statistical analysis was performed using the Student’s two-tailed t test. 

*P<0.05, **P<0.01, ***P<0.001, Values are mean ± SEM. 
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Figure 3. Structure based Docking analysis was performed to evaluate 

the interaction between CHP and KEAP1. (A) CHP was used as a ligand 

in analysis. (B) Structure of KEAP1 (pink) and CHP (yellow and blue). 

(C）Protein-ligand docking results and active-residues of KEAP1. (D) 3D 

constructed illustration of CHP bound to KEAP’s surface.
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Figure 4. CHP treatment suppressed renal fibrotic changes in unilateral 

ureteral obstruction (UUO) model. For treatment groups, CHP was 

administered orally in two doses (10 mg/kg, 20 mg/kg) five times, every 

2 days. (A) Schematic illustration of in vivo UUO model with different 

times of treatment initiation. (B) Representative images of gross 

appearance of kidneys from UUO and CHP pre-treated group (20 

mg/kg). (C) PAS stained coronal section of whole kidneys from UUO 

and CHP pre-treated group (20 mg/kg). (D) Representative images of 

western blot from whole kidney lysates of pre-treated UUO mice. CHP 

treatment lowers band intensity of Col1, pP65, Snail, and pP16. (E) 

Representative images of western blot from concomitantly treated UUO 

mice. CHP treatment ameliorated band intensity of Col1, pP65, Snail 

and pP16. (F) Representative images of western blots from whole 

kidney lysate from post-treated UUO mice. The band intensities of 

pP16 and Snail were decreased by CHP treatment. (G) Representative 

images of UUO kidneys stained with Masson’s trichrome. Decreased 

extracellular deposit was observed in CHP treated groups. (Scale bars: 

100μm) (H) Representative images of UUO kidneys immunostained with 

NGAL, kidney injury marker. (Scale bars: 100μm) Statistical analysis 

was performed using the Student’s two-tailed t test. *P<0.05, 

**P<0.01, ***P<0.001, Values are mean ± SEM. 
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Figure 5. CHP treatment inhibits pathologic changes and progressive 

decline of kidney function through Nrf2 activation in 5/6 Nx. The 

samples used in evaluation were harvested from rat kidney, after 8 

weeks from establish of 5/6 Nx model. (A) Schematic illustration of in 

vivo 5/6 Nx rat model. (B) CHP treated group displayed higher body 

weight, lower systolic BP, urine protein/Creatinine ratio, BUN and 

Creatinine compared with 5/6 Nx rats. (C) Representative images of 

PAS stained kidney sections showed improved glomerulosclerosis in CHP 

treatment group compared with 5/6 Nx group (Scale bars: 100μm). 

Tissue expression of Nrf2 was enhanced in CHP treated group. (D) To 

assess the fibrotic change, Sirius Red (Scale bars: 200μm), Masson’s 

trichrome and immunohistochemistry staining of Col1 (Scale bars: 100μ

m) were conducted. CHP treatment mitigated collagen and ECM 

molecular accumulation. (E) Representative images of 

immunohistochemistry staining of infiltrated lymphocyte (CD3+ cells) and 

monocyte (CD68+ cells). The CHP treated group demonstrated 

suppressed infiltration of lymphocyte and monocytes (Scale bars: 50μ

m). (F) Immunohistochemistry staining for Ngal (Scale bars: 100μm) and 

pStat3 (Scale bars: 50μm). The CHP treated group showed low tissue 

expression for Ngal and pStat3. (G) Lower proportion of TUNEL 

positive apoptosis was observed in CHP treated compared to untreated 

5/6 Nx rats (Scale bars: 50μm). Statistical analysis was performed using 

the Student’s two-tailed t test. *P<0.05, **P<0.01, ***P<0.001, Values 

are mean ± SEM.
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Figure 6. CHP treatment impacts on gene expression signatures, the 

evaluations were performed at 8 weeks after establishing 5/6 Nx model. 

To evaluate the effect of CHP on CKD, the evaluations were 

performed at 8 weeks after establishing 5/6 Nx model. (A) Principal 

component analysis demonstrates a good segregation of the 

RNA-sequencing samples from rat kidneys subjected to sham, 5/6 Nx 

(CRF) or 5/6 Nx+ CHP (CRF+CHP) treatments. (B) Venn diagram 

representing the number of significantly changed genes (threshold of 

log2(1.5) fold change and Benjamini-Hochberg adjusted P value smaller 

than 0.05). (C) UpSet plots summarizing the effects of CHP and CRF on 

all genes in the RNA-Seq transcriptomics in 4 different categories 

(up/down-regulated by CHP/CRF). A link between multiple dots 

symbolizes the overlap between these categories and the corresponding 

bar the amount of genes in this subset of overlapping genes present in 

these 2 categories. The figure gives a non-exhaustive list of some gene 

sets present amongst the top 10 most significantly enriched gene sets 

by GO enrichment analysis run the indicated subset of overlapping 

genes. (D) Gene set enrichment analysis (GSEA) of the effect of CHP 

on RNA-Seq transcriptomics using gene ontology biological processes 

(GOBP) (E) cellular component (GOCC) and (F) molecular function 

(GOMF) gene sets. (G) and (H) Enrich plots summarizing displaying the 

top XX most significantly enriched gene sets in GSEA analysis of the 

(G) effect of CHP and (H) CRF on all genes in the RNA-Seq 

transcriptomics in 4 different categories (up/down-regulated by 

CHP/CRF). A link between multiple dots symbolizes the overlap between 

these categories and the corresponding bar the amount of genes in this 

subset of overlapping genes present in these 2 categories. The figure 

gives a non-exhaustive list of some gene sets present amongst the top 

10 most significantly enriched gene sets by GO enrichment analysis run 



- 86 -

the indicated subset of overlapping genes. (I) and (J) Cnetplots 

(ClusterPofiler R package) giving an overview of the genes in the top 

3 down-regulated GOBP gene sets (I) and GOCC gene sets (J) 

respectively from the GSEA analysis of the effect CHP on RNA-Seq.  

(K) and (L) Cnetplots giving an overview of the genes in the top 3 (K) 

down-regulated, (L) respectively up-regulated, GOCC gene sets from 

the GSEA analysis of the effect of CRF on transcriptomics.
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Figure 7. CHP treatment reduces senescence, apoptosis and suppresses 

fibrotic changes in kidney cell. (A) Schematic illustration of H2O2

induction model in podocytes. (B) Representative images captured 24 h 

after H2O2-induced oxidative in podocytes. CHP at the indicated doses 

decreased the proportion of β-galactosidase positive senescent cells 

(Scale bars: 100μm). (C) Annexin V/PI assay after 48 h of TGFβ 

apoptosis induction. CHP treatment reduced apoptosis and IL-8, 

proinflammatory cytokine in hTECs. (D) Annexin V/PI assay after 48 h 

of TGFβ apoptosis induction. In podocytes, CHP treatment reduced 

apoptosis. (E) hTECs lost their regular cuboidal appearance, becoming 

elongated and spindle shaped after 48 h with rTGFβ. CHP treatment 

ameliorated the TGFβ induced morphological changes (Scale bars: 100

μm). (F) Representative images of western blots for fibronectin, 

E-cadherin, and pSTAT3. CHP treatment increased E-cadherin and 

decreased fibronectin and pSTAT3 in a dose dependent manner. (G) 

TGFβ induction was conducted to podocytes. CHP treatment 

ameliorated fibrotic morphological change (Scale bars: 100μm), and 

decrased mRNA abundances of fibronectin and P65, fibrosis associated 

molecule. Statistical analysis was performed using the Student’s 

two-tailed t test, *P<0.05, **P<0.01, ***P<0.001, Values are mean ± 

SEM
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Figure 8. Plasma CHP concentration correlate with kidney function in 

5/6 Nx model. Measurement of plasma concentration, urine 

CHP/creatinine ratio, and creatinine clearance in the 5/6 Nx rat model 

were performed with LC-MS/MS, at week 4 and week 8. (A) Plasma 

CHP concentration in the 5/6 Nx rat model 4 and 8 weeks after Nx. 

(B) Urine Creatinine/CHP ratio of 5/6 Nx model, at 4 and 8 weeks. (C) 

CHP treated rats demonstrated preserved renal function compared with 

non-treated 5/6 Nx rats. (D) CHP clearance in 5/6 Nx rats, 8 weeks 

after the subtotal nephrectomy. (E) Correlation between CHP clearance 

and creatinine clearance of Sham and 5/6 Nx group (R=0.79, P<0.0001). 

Statistical analysis was performed using the Student’s two-tailed t test 

and and Pearson’s correlation analysis. *P<0.05, **P<0.01, ***P<0.001, 

Values are mean ± SEM.  
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Figure 9. Endogenous plasma CHP level and tissue expression of NRF2 

correlate with kidney function and biopsy findings in CKD patients. (A) 

Endogenous plasma CHP levels increased with CKD progression. Patients 

with higher proteinuria showed higher plasma concentration of CHP. 

Plasma CHP level of progressors was higher than of non-progressors.  

(B) Increased plasma CHP levels positively correlate with the severity 

of tubular fibrosis, atrophy, and inflammatory cell infiltration into the 

kidney tissue. (C) Plasma CHP levels reflect the pathologic findings of 

glomerulus including GBM thickening and foot process effacement. 

Subgroup analysis of plasma CHP concentration was performed with 

samples from CKD patients with (D) Ig A nephropathy (n = 283) or (E) 

with diabetic nephropathy (n = 84). (F) Endogenous plasma CHP level 

had weak relevance to renal pathologic and functional markers. (Global 

sclerosis, R2=0.10, ***P<0.0001; Protein/Creatinine ratio, R2=0.02, 

P=0.5817; Creatinine, R2=0.45, ***P<0.0001). (G) Representative images 

of immunohistochemical staining for NRF2 (Scale bars: 100μm). (H) 

Tissue expression of NRF2 decreases upon CKD progression. (I) NRF2 

tissue expression and tubular pathology are negatively correlated. (J) 

The association between expression of NRF2 and plasma CHP 

concentrations appeared in negative relationship (R=-0.49, P=0.0001) (K) 

NRF2 tissue expression correlates with eGFR, positively (R=0.67, 

P<0.0001). (L) Association between tissue expression of NRF2 and 

kidney markers (Global scelrosis, R2=0.32, ***P<0.0001; 

Protein/Creatinine ratio, R2=0.11, *P=0.01; Creatinine, R2=0.35, 

***P<0.0001). (M) Although without statiatical significance, patients who 

had mild tubular pathologic progression showed elevated urine CHP/Cr 

ratio, then urine CHP/Cr ratio was decreased as the tubular pathology 

worsening. Statistical analysis was performed using the Student’s 

two-tailed t test and Pearson’s correlation analysis. *P<0.05, **P<0.01, 

***P<0.001, Values are mean ± SEM
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Figure 10. [14C]-CHP-derived radioactivity was performed to check the 

tissue distribution of CHP. Representative whole body 

autoradioluminograms showing tissue distribution of 

[14C]-CHP-CHP-derived radioactivity at  1 hour after an oral dose of 

[14C]-CHP at 10 mg/kg (100 μCi/kg) to male long-evans rats
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Figure 11. Graphical abstract. To evlauate the CHP’s effect in AKI in 

vivo, IRI mice model was used. For in vitro AKI model, 

hypoxia-reoxigenation model was selected to assess anti-oxidative effect 

of CHP. For evaluation of anti-fibrotic effect of CHP, analysis was 

conducted in UUO model. Experiments using 5/6 Nx model was 

performed to investigate CHP’s effect on CKD. CHP induced activation 

of NRF2 pathway suppresses inflammation, inappropriate cell cycle 

change, and decreases fibrotic area in several experimantal kidney 

model. In CKD patients, plasma CHP concentration showed negative 

relationship with the NRF2 tissue expression. CHP treatment improved 

creatinine clearance that reflects glomerular filtration rate. CHP 

administration protected kidney and improved its function. 
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요약 (국문초록)

고리형 디펩티드 Cyclo(His-Pro)의 

신장손상 및 섬유화 개선효과와 

NRF2 매개 작용기전

급성신손상은 회복되지 못하는 경우 만성콩팥병으로 진행하며 회복을 

방해하는 요인으로는 염증, 산화 스트레스, 그리고 노화와 세포 사멸 등

이 있으며 이를 조절하면 신질환의 진행을 억제할 수 있을 것으로 여겨

지고 있다. 최근, 활성화 된 상태에서 항염증, 항산화 효과를 나타내는 

전사인자 Nuclear factor erythroid-2-related factor 2 (NRF2)는 신질환 

치료의 잠재적인 목표로 고려된다. 고리형 디펩티드의 일종인 

cyclo-histidine-proline (cyclo(His-Pro); CHP)는 NRF2를 활성화 시키며, 

신경퇴행성질환이나 당뇨병 실험 모델에서 보호 효과를 지님이 확인되었

으나 신장에 미치는 효과에 관하여는 아직 알려진 바가 없어 CHP의 신

보호 효과에 관하여 알아보고자 하였다. CHP 전처치는 급성 신손상을 

대변하는 신장 허혈-재관류 모델에서 염증세포의 침윤, 세포 사멸, 세뇨

관 손상을 뚜렷하게 감소시켰으며, 신장 기능을 보호하였다. 신장 요세

관세포를 이용한 각종 산화 스트레스 모델에서 CHP 처치는 NRF2의 전

사를 증가시키고, 활성화 산소의 형성 및 세포 사멸을 억제하였다. 단일 

요관 폐쇄 모델에서 예방적인 CHP 전처치 및 신손상 발생후의 치료적인 

CHP 투여는 신손상을 억제하였다. 만성콩팥병 동물 모델인 5/6 신절제 

쥐에서 CHP치료군은 호전된 신기능과 감소된 섬유화 소견을 보였다. 만

성콩팥병을 대변하기 위하여 신장세포에 TGFβ를 처리하여 섬유화를 유

발하였으며, CHP 치료는 급성 세포 실험 모델에서와 유사하게 NRF2 연

관 경로의 활성화를 유발하고, 활성화산소의 형성 및 세포 사망 및 노화 

그리고 부분 상피간엽 이행을 억제하였다. 엑체크로마토그래피 질량분석
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기를 이용하여 5/6 신절제 쥐의 혈장 및 소변의 CHP의 농도와 조직에서

의 NRF2 발현을 확인하였다. 5/6 신절제 쥐 모델 및 정상 대조군에서 

CHP 청소율은 크레아티닌 청소율과 양의 상관관계를 보였다. 즉 낮은 

CHP 청소율이 신기능이 저하된 쥐에서 동반됨을 확인하였다. 동물 및 

세포 실험의 결과를 실제 환자에 적용하기 위하여 만성 신부전 환자를 

만성신부전 1, 2기/ 3기/ 4, 5기의 3군으로 나누어 혈장 및 소변에서의 

CHP농도 및 NRF2 조직 발현 정도를 분석하였다. 만성 신부전이 진행함

에 따라 혈장 CHP농도는 증가하여 만성 신부전 4, 5기에서 가장 높은 

농도를 확인하였다. 반대로, NRF2의 조직발현은 만성신부전이 진행함에 

따라 감소하는 음의 상관관계를 보였다. 만성콩팥병의 진행에 따른 내인

성 혈장 CHP농도의 증가는 NRF2 경로를 활성화시켜 신장을 보호하기 

위한 일종의 보상작용일 것으로 생각된다. 본 연구에서 CHP는 NRF2 경

로를 활성화시켜 신장 보호 효과를 나타냄을 확인하였으며, 이를 근거로 

CHP의 신질환 치료제로써의 잠재적인 가능성을 제시하여 볼 수 있을 것

이다.    

………………………………………
주요어 : 급성신손상, 만성콩팥병, Cyclo(His-Pro), nuclear 

factor-erythroid-2-related factor 2, 섬유화, 염증
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