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Abstract 

Renal protective effects of 

adenosine monophosphate protein 

kinase (AMPK) activators in renal 

fibrosis and acute kidney injury 

model 
- AMPK mediated pathways in renal 

disease - 

 
Tsogbadrakh Bodokhsuren 

Department of Clinical pharmacology 

The Graduate School  

Seoul National University 

Adenosine monophosphate protein kinase (AMPK) is a crucial cellular 

energy sensor. AMPK regulates metabolic energy balance at the 

whole body level. AMPK activation effect is diverse and include 

glucose and lipid metabolism, cytokine production and inflammation 

regulation, and cell proliferation and apoptosis. Here, the effects of a 

novel AMPK activator HL156A, on the inhibition of renal fibrosis in in 

vivo and in vitro models were examined. Also, it was investigated 

whether the AMP-kinase activator 5-aminoimidazole-4-carboxamide 

ribonucleotide (AICAR) protects against cisplatin induced acute 

kidney injury. The AMPK-activator activities of AICAR, metformin, 

and HL156A were compared in a rodent renal tubular epithelial cell 
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line. Among the three AMPK activator substances, AMPK activation 

was the most potent in the presence of the HL156A molecule. Taken 

together, AMPK activators ameliorated renal fibrosis and acute 

kidney injury.  

Parts of the results in this thesis have been published in the 

following papers: 

 Tsogbadrakh, B., et al. (2018). "HL156A, a novel pharmaco

logical agent with potent adenosine-monophosphate-activat

ed protein kinase (AMPK) activator activity ameliorates ren

al fibrosis in a rat unilateral ureteral obstruction model." P

LoS One 13(8): e0201692. 

 Tsogbadrakh, B., et al. (2019). "AICAR, an AMPK activator,

 protects against cisplatin-induced acute kidney injury thro

ugh the JAK/STAT/SOCS pathway." Biochem Biophys Res 

Commun 509(3): 680-686. 

 

Keywords: adenosine monophosphate protein kinase (AMPK), 

5-aminoimidazole-4-carboxamide ribonucleotide (AICAR), unilateral 

ureteral obstruction (UUO), acute kidney injury (AKI), janus kinase 

(JAK), signal transducer and activator of transcription (STAT) 

Student Number: 2015-30782 
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Chapter 1. General Introduction 

1.1. Background 

The adenosine monophosphate protein kinase (AMPK) is a sensor of 

cellular energy storage and a powerful metabolic regulator. When 

cellular AMP and ADP levels increase, AMPK is activated, promoting 

ATP-producing catabolic pathways while switching off ATP-

consuming biosynthetic pathways. AMPK is serine threonine protein 

kinase complex consisting of a catalytic α-subunit (α1 and α2), 

scafolding β-subunit (β1 and β2) and a regulatory γ-subunit (γ1, γ2 

and γ3). AMPK is activated through phosphorylation of Thr172 in the 

AMPKα subunit [1]. Two upstream kinases, liver kinase B1 (LKB1) 

and Ca2+ /calmodulin-dependent protein kinase β (CaMKKβ) have 

been documented to phosphorylate Thr172 of the AMPKα subunit.  

Some pharmacological agents such as metformin and AICAR can also 

induce Thr172 phosphorylation via upstream kinases.   

Many types of cellular stresses can lead to AMPK activation. In 

addition to physiological AMP/ADP elevation from stresses such as 

low nutrients or prolonged exercise, AMPK can be activated in 

response to several pharmacological agents. Metformin, is one of the 

most widely prescribed oral anti- diabetic drugs [2]. Previous study 

reported that pharmacological activators of AMPK may have a 

protective effect on acute and chronic kidney diseases including 
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possible beneficial effects of metformin in diabetic kidney disease 

[3]. The biological consequences of AMPK activation are diverse and 

include glucose and lipid metabolism[4], cytokine production and 

inflammation regulation[5], and cell proliferation and apoptosis[6]. 

5-aminoimidazole-4-carboxamide ribonucleoside (AICAR) has been 

extremely useful in the AMPK activation. The active derivative of 

AICAR also modulates other AMP-sensitive enzymes, such as 

glycogen phosphorylase and fructose-1, 6-bisphosphatase. Previous 

studies have provided evidence that AICAR protects against I/R 

injury in several tissues, such as the heart and the liver [7] [8].  

HL156A is capable of inducing AMPK signaling. HL156A has been 

reported to exert protective effects against peritoneal and hepatic 

fibrosis- and lipopolysaccharide (LPS)-induced inflammation [9]. 

HL156A inhibits not only high glucose-activated smad3-dependent 

signaling but also epithelial-mesenchymal transition (EMT) [10]. 

Previous study showed that HL156A, when administered in 

combination with temozolomide, inhibited the invasive properties of 

glioblastoma and increased the survival rate in an animal model 

[11]. 

HL156A is a potential preclinical therapeutic modality for treating 

renal disease, including acute kidney disease (AKD) and early 

chronic kidney disease (CKD). 
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CKD is a major cause of death and renal fibrosis is a common 

pathway leading to the progression of this disease. Renal interstitial 

fibrosis is characterized by fibroblast activation and excessive 

production and deposition of ECM, which leads to the destruction of 

renal parenchyma and progressive loss of kidney function to end-

stage renal disease [12].  

Cisplatin (cis-diamminedichloroplatinum II) is a chemotherapeutic 

reagent that is widely used for the treatment of malignant cancers. 

Cisplatin causes nephrotoxicity through the induction of oxidative 

stress, stress-related cell apoptosis and necrosis, especially in 

proximal tubules [13]. Cisplatin is restricted by the cytotoxic effect 

of cisplatin on the kidney [14]. Cisplatin causes acute kidney injury 

through proximal tubular injury. 

 The central energy sensor, AMPK, may play a critical role in 

regulating the initial response in the kidney. 
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1.2. Purpose of Research 

Two experimental studies (Chapter II and Chapter III) were designed 

in order to demonstrate the beneficial effects of AMP kinase 

activators. The purpose of the first study (Chapter II) was to answer 

the following research questions (i) does AMPK inhibit renal fibrosis 

in the obstructed kidney of a rodent unilateral ureteral obstruction 

(UUO) model? (ii) Does AMPK protect against renal fibrosis? Smad3 

dependent signaling pathway were evaluated. In a previous reports, 

that HL156A activated AMPK, resulting in amelioration of peritoneal 

fibrosis [10]. The inhibitory effects were examined of the AMPK 

activator HL156A on renal fibrosis in vivo and in vitro. 

The purpose of the second study (Chapter III) is to answer the two 

research questions (i) Does AMPK inhibit cisplatin induced acute 

kidney injury (AKI)? (ii) What is the protection mechanism of AMPK 

against AKI?  The aim of this study was to investigate whether 

AICAR ameliorates cisplatin-induced acute kidney injury and whether 

its protective effect is mediated by JAK2/STAT1/SOCS1 pathway. 

 

 

 

 



 

 ５ 

Chapter 2. HL156A activator ameliorates renal fibrosis 

2.1. Background  

Renal fibrosis, characterized by glomerulosclerosis and 

tubulointerstitial fibrosis, is the final common pathway of many 

kidney diseases[15]. Tubulointerstitial fibrosis is associated with 

epithelial-mesenchymal transition (EMT)[16], and synthesis of 

extracellular matrix (ECM). ECM components, including type I and IV 

collagen and fibronectin, are the hallmarks of tubulointerstitial 

fibrosis[17]. Transforming growth factor-β (TGF-β) signaling is one 

of the most important pathways associated with renal fibrosis by 

activating its downstream smad signaling pathway[18], [19], [20]. 

TGF-β1 is reportedly up-regulated in response to injurious stimuli, 

such as unilateral ureteral obstruction (UUO) [21]. UUO is a well-

known model of renal fibrosis[22], [23]. UUO causes renal metabolic 

changes, leading to tubular injury and renal inflammation, 

characterized by macrophage infiltration[24].  

Adenosine monophosphate protein kinase (AMPK) in a sensor of 

cellular energy storage and a powerful metabolic regulator. AMPK is 

a heterotrimeric protein consisting of 1/2, 1/2, and 1/2/3 subunits 

and is a sensor of cellular energy status[25]. AMPK activation 

requires phosphorylation of Thr172 on the “loop activation” of the 

-subunits [26]. AMP-activated AMPK is a major cellular regulator 
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of glucose and lipid metabolism[27], [28]. The biological 

consequences of AMPK activation are diverse and include glucose 

and lipid metabolism[4], cytokine production and inflammation 

regulation[5], and cell proliferation and apoptosis[6]. Metformin, an 

AMPK activator, is widely used to treat type-2 diabetes [29]. 

Furthermore, recent studies have shown that AMPK activation by 

metformin inhibited albumin-induced ER stress in tubular epithelial 

cells in a rat model [30], [31]. The activation of AMPK by metformin 

has been applied in clinical practice to treat type 2 diabetes mellitus 

and renal fibrosis[32]. In diabetic rats, metformin and AICAR 

increased renal AMPK phosphorylation, inhibited mTOR activation, 

and attenuated renal hypertrophy without affecting hyperglycemia 

[29]. HL156A (Hanall Pharmaceuticals Co. Ltd, Seoul, Korea) is a 

recently developed molecule that is a more potent AMPK activator 

than AICAR or metformin. In a previous study, showed that HL156A 

had a protective effect against peritoneal fibrosis (PF) [10]. In the 

present study, the anti-fibrotic of AMPK activation effects were 

examined by HL156A in both in vivo and in vitro renal fibrosis 

models. 
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2.2. Materials and Methods 

2.2.1. AMPK activity  

The level of activated AMPK in NRK-52E cells (ATCC, Manassas, 

VA, USA), a renal proximal tubular cell line, was determined using an 

ELISA kit (KHO0651; Invitrogen Corporation, Camarillo, CA, USA) to 

measure AMPK-α phosphorylation at Thr172, following the 

manufacturer’s instructions. To compare the activity of the three 

AMPK activators, NRK-52E cells were treated with 5-

aminoimidazole-4-carboxamide-1-beta-D-ribofuranoside (AICAR, 

sc-200659A; Santa Cruz Biotechnology, CA, USA), metformin (1115-

70-4; Sigma-Aldrich St. Louis, MO), and HL156A (Hanall 

Pharmaceuticals, Seoul, Korea) at 0, 10, 30, and 50 mM, respectively. 

Detailed methods for generating HL156A have been described 

elsewhere [10]. AMPKα activity was assayed after treatment with 

AICAR, metformin, and HL156A. NRE-52E rat proximal cells cultured 

in DMEM were treated with four different concentrations (0, 10, 30, 

and 50 μM) of AICAR, metformin, and HL156A, respectively, for 24 

hours. AMPK activator activity was estimated by AMPKαThr172 

phosphorylation, which was measured with an ELISA kit (KHO0651; 

Invitrogen Corporation, Camarillo, CA, USA). AMPK activator activity 

exerted by HL156A was significantly higher than that of the other 
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two AMPK activators at 10, 30, and 50 μM concentrations (Figure 

2.1.). 

2.2.2. Animal model of unilateral ureteral obstruction  

All animal experiments were performed with the approval of the 

Institutional Animal Care and Use Committee (IACUC-15-0252) of 

Seoul National University Hospital. Rats were divided into four 

groups. The procedure of the UUO model has been well described 

[33]. The unilateral ureteral obstruction (UUO) model was 

developed to identify useful biomarkers in different stages of 

obstructive nephropathy. Wistar rat model is used to elucidate the 

pathogenesis of obstructive nephropathy and the pathological 

mechanisms mediating renal fibrosis. Adult male Wistar rats (Kotech), 

(7–8 weeks, body weight 180–200 g) were anesthetized via inhalation 

of 2–2.5% isoflurane. After flank incision, the left kidney and ureter 

were exposed, and the proximal ureter was ligated with a 4–0 silk. 

For the sham-operation group, the kidney and ureter were exposed, 

and then the skin was sutured without ureter ligation. Rats with UUO 

were administered HL156A (20mg/kg body weight per day) or 

vehicle via oral gavage one day before the operation and daily 

thereafter for 10 days. There were seven animals in each group. On 

day 10, both the obstructed and contralateral kidneys were harvested 

Table 2.1. 
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2.2.3. Histology  

After the kidneys were hemi-sectioned, cortical portions were 

collected and frozen in liquid nitrogen for reverse transcription PCR 

(RT-PCR) or western blot analysis. For light microscopy, kidneys 

were fixed in 10% formalin at 4ºC for 12–24 hours, processed in 

graded alcohol, embedded in paraffin blocks, and then stored at room 

temperature until analysis. The degree of renal fibrosis was 

determined by Trichrome staining kit (860-031; Ventana, Medical 

Systems, Inc Roche Diagnostic USA), and immunohistochemistry (IHC, 

Ventana Medical Systems, Inc) as described previous study [10]. For 

the specific method, were followed the manufacture’s instruction. 

Paraffin tissue sections (4µm) were analyzed for immuhistochemistry 

using monoclonal antibodies against -SMA (ab5694; Abcam, 

Cambridge, MA, USA), E-cadherin (sc-7870; Santa Cruz 

 Table 2.1. Body weight parameters and kidney weight results 10 days after 

unilateral ureteral obstruction. 

 

  

Body weight (g) Kidney weight (g) 

 

 

Sham 213.4 ± 4.7 1.31 ± 0.03 

 

 

Sham + HL156A 217.7 ± 2.2 1.33 ± 0.04 

 

 

UUO 203.6 ± 4.7 3.87 ± 0.14* 

 

 

UUO + HL156A 210.3 ± 5.8 3.36 ± 0.34* 

 

 

Values are means ± SEs for seven animals for each group.  

*P <0.05 vs. sham 
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Biotechnology, CA, USA), fibronectin (ab6328; Abcam Cambridge, 

MA, USA) and Type IV collagen (sc-9301; Santa Cruz Biotechnology 

CA, USA). Ten individual high-power fields (magnification, 200 x) 

per kidney were analyzed, and representative images were presented. 

Briefly, multiply tubulointerstitial fields were randomly selected and  

evaluated for interstitial injury based on tubular dilatation, tubular 

atrophy, proximal tubule, tubular injury score was semi-

quantitatively calculated based on the percentage of cortical tubular 

necrosis with an assigned value: 0, none; 1, 10%; 2, 10% to 25%; 3, 

25% to75%; and 4, >75% as described earlier [34]. 

2.2.4. Cell culture and experimental treatments 

Normal rat kidney (NRK-52E) cells were cultured in DMEM 

containing 5% FBS at 37ºC in a 5% CO2 atmosphere. Cells were 

treated with HL156A (30 µM) and TGF-β1 (10 ng/ml). Total RNA 

was extracted and subjected to reverse transcription PCR. Proteins 

extracted from total cell lysates were subjected to western blot 

analysis. All measurements were replicated at least three times. 

Reverse transcription-polymerase chain reaction (RT-PCR) analysis  

TGF-β1, fibronectin, type IV collagen, Smad3, α-SMA, E-cadherin, 

and β-catenin gene expression were assessed using RT-PCR. Total 

RNA was isolated from kidney samples with TRIzol (Invitrogen Japan, 

Tokyo, Japan) using a guanidine thiocyanate extraction protocol. The 
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concentration of total RNA was determined by measuring the optical 

density at 260 nm and the purity was checked as the 260 nm/280 nm 

ratio with expected values between 1.8 and 2.0. All samples were 

stored at -80°C until further analysis. Then, total RNA was reverse 

transcribed into cDNA and then subjected to RT- PCR using rat-

specific primers. The following primers were used: 

Table 2.2. Primer sequence for reverse transcription PCR 

Genes Forward Sequence (5' to 3') Reverse Sequence (5' to 3') 

TGF-β1 TGTCCGGCAGCTGAAC GGCTTCGCACCCACGTAG 

fibronectin TGACAACTGCCGTAGACCTGG TACTGGTTGTAGGAGTGGCCG 

Type IV 

collagen 
TCCTTGTGACCAGGCATAGT TTGAACATCTCGCTCCTCTC 

Smad3 CCTGGGCAAGTTCTCCAGAG CCATCGCTGGCATCTTCTGTG 

α-SMA  GCTCTCTAAGGCGGCCTTTG ACGAAGGAATAGCCACGCTCA 

E-

cadherin 
CAGGATTACAAGTTCCCGCCA CACTGTCCGCTGCCTTCA 

β-catenin ACAGCACCTTCAGCACTCT AAGTTCTTGGCTATTACGACA 

 

2.2.5. Quantitative Real-Time PCR (qRT-PCR) 

RNA was extracted from normal rat kidney (NRK-52E) cell line using 

TRIzol (Invitrogen Japan, Tokyo, Japan). For in vivo, Wistar rat tissue 

was homogenized by TRIzol. cDNA was obtained from the RNA by 

reverse transcription using a High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems Cheshire, UK). PCR was done 

using Power SYBR Green PCR Master Mix, and Quantstudio 3 Real 

time PCR System (Applied Biosystems, Foster City, CA, USA). The 
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specific primer sequences for qRT-PCR are shown in the Table 2.3.  

Table 2.3. Primer sequences for quantitative real time PCR 

Expresse

d genes 

Forward Sequence Reverse Sequence 

AMPKα1 5’CTCAGTTCCTGGAGA 

AAG ATGG3’ 

5’CTGCCGGTTGAGTATC

TTCAC3’ 

AMPKα2 5’GCTGTGGATCGCCAA 

ATTAT3’ 

5’GCATCAGCAGAGTGGC

AATA3’ 

TGF-β1 5’TATAGCAACAATTCCTG

GCGTTAC3’ 

5’TGTATTCCGTCTCCTT

GGTCA3’ 

Smad3 5’GGTAAAGGATTGCCACC

A AA3’ 

5’GAACAGCCAGGAAAGG

GACT3’ 

α-SMA 5’GCTCTCTAAGGCGGCCT

TTG3’ 

5’ACGAAGGAATAGCCAC

GCTCA3’ 

E-

cadherin 

5’GCCCAGGAGCTGACA 

AAC3’ 

5’CCAGAGGCTGCGTCAC

TTTC3’ 

Fibronect

in 

5’TGACAACTGCCGTAGAC

CTGG3’ 

5’TACTGGTTGTAGGAGT

GG CCG3’ 

Type IV 

Collagen 

5’TGTAACGTCGATAACGT

GTGT3’ 

5’TGCTAACGTAGG 

GCTCAAGG3’ 

MCP-1 5’CCAGTGGCTCTTTCCCT

GAG3’ 

5’CACAGGTGGCTTGGCT

ATGA3’ 

β-

catenin 

5’ACAGCA CCTTCA GCA 

CTCT3’ 

5’AAGTTCTTGGCTATTA

CGACA3’ 

 

2.2.6. Western blot analysis 

Using cellular fractionation NE-PER Nuclear Cytoplasmic Extraction 

Reagent kit (#78833; Thermo Scientific Pierce Rockford, IL, USA) 

and western blot analysis, TFG-1 treatment was found sufficient to 

increase the fraction of p-Smad3 protein located in the nucleus. For 

this, 50 µg of protein was extracted from cell lysates, loaded into 

lanes, separated by 8% SDS-PAGE under reducing conditions, and 

transferred onto a nitrocellulose membrane (Amersham, Arlington 
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Heights, IL, USA) by electro blotting. The protein transfer and 

volume consistency across lanes were verified using reversible 

staining with Ponceau S. The membrane was blocked with 5% nonfat 

dry milk in TBS-T (Tris-buffered saline and 0.15% Tween 20) for 1 

hour at room temperature. Antibodies against the following proteins 

were used at 1:1,000 dilutions, unless otherwise described: TGF-1 

(sc-146; Santa Cruz Biotechnology CA, USA), -SMA (ab5694; 

Abcam Cambridge, MA, USA), E-cadherin (sc-8426; Santa Cruz 

Biotechnology CA, USA), type IV collagen (sc-9301; Santa Cruz 

Biotechnology CA, USA), fibronectin (ab6328; Abcam Cambridge, MA, 

USA), Smad3 (#9513; Cell Signaling Technology, Inc., Danvers, MA, 

USA), MCP-1 (ab25124; Abcam Cambridge, MA, USA) and Cleaved 

Caspase3 (#9661S Cell signaling Technology, Inc., Danvers, MA, 

USA). The membranes were incubated overnight at 4ºC in a 1:500 

dilution of primary antibody. After three washes with TBS-T, the 

membrane was incubated with horseradish peroxidase-conjugated 

anti-mouse (sc-2020; Santa Cruz Biotechnology, CA, USA), and 

anti-rabbit Ig (sc-2005; Santa Cruz Biotechnology CA, USA) at a 

1:2000 dilution, followed by enhanced chemiluminescence (ECL 

western blotting detection reagent, Amersham Biosciences).  

2.2.7. Immunofluorescence staining and confocal microscopy  
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NRK-52E cells cultured on coverslips were fixed with 4% PFA for 15 

minutes at RT. After blocking with 1% BSA for 30 minutes, the slides 

were immunostained with primary antibodies for p-AMPK (sc-33524; 

Santa Cruz Biotechnology CA, USA), p-Smad3 (ab52903; Abcam 

Cambridge, MA, USA), E-cadherin, (sc-8426; Santa Cruz 

Biotechnology CA, USA), α-SMA (ab5694; Abcam Cambridge, MA, 

USA), fibronectin (sc-9068; Santa Cruz Biotechnology CA, USA), and 

type IV collagen (sc-9301; Santa Cruz Biotechnology CA, USA). Next, 

the slides were stained with a secondary antibody (Alexa) and 

mounted with mounting media (Dako, San Diego, CA, USA) using 4, 

6-diamidino-2-phenylindole to visualize the nuclei (Sigma Aldrich). 

Slides were viewed under a Leica TSL-SL confocal microscope. 

2.2.8. Statistical analyses  

Statistical analyses were performed using the Analysis of Variance 

(ANOVA) test, and post-hoc analyses were performed using Tukey’s 

HSD test. P-values <0.05 were considered statistically significant. 

 

2.3. Results 

2.3.1. AMPK activity for AICAR, metformin, and HL156A  

NRK-52E cells were supplemented AICAR, metformin and HL156A 

with various concentrations of (0, 10, 30, and 50 μM) by ELISA kit 
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(KHO0651; Invitrogen Corporation, Camarillo, CA, USA) to measure 

AMPK-α phosphorylation at Thr172, following the manufacturer’s 

instructions. Data showed that after treatment of in vitro cultured NRK-

52E with HL156A, AMPK activity is more potent than that with other 

AMPK agonists such as metformin or 5-aminoimidazole-4-carboxamide 

1-β-D-ribofuranoside. 

Figure 2.1.  

 

Figure 2.1. Comparison of AMPK activator activities.  (A) Structure of 

HL156A. AMPK activities induced by various AMPK activator 

molecules were determined on rat renal proximal tubular (NRK-52E) 

cells. (B) The AMPK activator activities of 5-aminoimidazole-4-

carboxamide-1-β-D-ribofuranoside (AICAR), metformin, and 

HL156A were compared at various concentrations (0, 10, 30, and 50 

μM, respectively). AMPK activator activity was determined by 
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AMPKαThr172 phosphorylation and was measured using an ELISA kit 

(Invitrogen Corporation).  Experiments were repeated at three times. 

+: P <0.05 vs. AICAR, ‡: P <0.05 vs. metformin at the same 

concentration. 

2.3.2. Unilateral ureter ligation was induced in a preliminary 

experiment 

Massan trichrome staining analysis of fibrotic changes was 

performed in medulla and cortex of obstructed and control kidneys. 

Preliminary studies confirmed that the rats with unilateral ureter 

ligation showed significantly increased interstitial fibrosis of cortex 

and medulla compared to the sham ligated kidney (Figure 2.2.).  

 

Figure 2.2. The effect of HL156A treatment on UUO. 

In a preliminary experiment, a unilateral ureteral obstruction (UUO) 
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model was induced in adult male Wistar rats. Obstructed kidneys 

were harvested 10 days after surgery. (A) Each ligated kidney was 

compared with its contralateral (non-ligated) kidney after Masson’s 

trichrome staining. (B) To find the optimal dose of HL156A, the rats 

were subjected to unilateral ureter ligation and then treated with 

various doses of HL156A (0, 10, and 20 mg/kg/day for 10 days) 

before comparative analyses were performed. Experiments were 

repeated at two times with N=4 each time. Treatment with 20mg/kg 

of HL156A markedly ameliorated the renal injury from UUO.   

2.3.3. HL156A ameliorated histological changes in UUO-induced renal 

fibrosis 

Ureteral ligation induced severe renal fibrosis (Figure 2.3.A), which 

was associated with a marked reduction of p-AMPKα (Figure 2.3.B). 

Immunohistochemistry showed an increase of -SMA with down-

regulation of E-cadherin, both of which are hallmarks of EMT. UUO 

groups also exhibited increased expression of extracellular matrix 

(ECM) molecules, including fibronectin and type IV collagen (Figure 

2.3.C). Compared with the vehicle-treated UUO group, the HL156A-

treated UUO group exhibited marked amelioration of fibrosis (Figure 

2.3.A), markedly increased p-AMPK expression, and reduced 

expression of -SMA, fibronectin, and type IV collagen. E-cadherin 

expression was also restored in the renal tubules of the obstructed 
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kidney by HL156A treatment (Figures 2.3.A, and B). 

 

Fig 2.3. HL156A ameliorated histopathological changes associated 

with UUO.  

A unilateral ureteral obstruction (UUO) model was induced in adult 
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male Wistar rats. Rats with UUO were administered HL156A (20 

mg/kg/day) or saline one day before the ligation surgery and daily 

thereafter. Obstructed kidneys were harvested 10 days after surgery 

(A) Masson’s trichrome shows that UUO induced severe renal 

fibrosis, which was significantly ameliorated by HL156A. (B) 

Quantification of renal injury score based on the Masson’s trichrome 

staining of the kidneys. (C) Immunohistochemical staining shows 

UUO down-regulated p-AMPK, thereby inducing an increase in -

SMA and a down-regulation of E-cadherin, both of which are 

hallmarks of EMT. UUO increased expression of extracellular matrix 

(ECM) molecules, such as fibronectin and type IV collagen. HL156A 

treatment, which recovered down-regulated p-AMPK, significantly 

diminished the above changes induced by UUO. Experiments were 

repeated at two times with N=7 each time. * P <0.05 vs. Sham, #P 

<0.05 between UUO and UUO + HL156A. 

 

2.3.4. HL156A ameliorated the fibrogenic signals induced by UUO  

Next, the expressions of EMT markers and fibrogenic signals in the 

kidney tissues were confirmed by RT-PCR and western blot. 

Compared with the sham-operated kidneys, kidneys from the UUO 

group exhibited significant down-regulation of AMPK1 and 

AMPK2 and up-regulation of TGF-1, p-Smad3, -SMA, 
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fibronectin, and type IV collagen genes. Western blot showed 

changes in p-AMPK, TGF-1, p-Smad3, -SMA, fibronectin, and 

type IV collagen molecules that were similar to those observed in the 

RT-PCR results. HL156A treatment restored AMPK and above-

mentioned fibrogenic signals both at the mRNA and protein levels 

(Figure 2.4.). E-cadherin expression was markedly decreased in the 

UUO animals, which expression was recovered by HL156A treatment. 
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Fig 2.4. Effects of HL156A treatment on mRNA and protein expression. 

mRNA and protein expressions of various markers were analyzed 

from the animal experiment. (A) Reverse transcription PCR was used 

to analyze mRNA expression levels of AMPK1, AMPK2, TGF- β1, 

Smad3, -SMA, fibronectin, E-cadherin, and type IV collagen. 

HL156A treatment recovered the down-regulations of AMPK1 and 
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AMPK2 induced by UUO. (B) Western blot analysis was used to 

measure phosphorylated AMPK, total AMPK, TGF- β1, Smad3, -

SMA, fibronectin, E-cadherin, and type IV collagen expression levels 

from kidney tissue. (C) Western blot analysis of protein bands 

quantified using image J and normalized to β-actin. Experiments 

were repeated two times with N=7 at each time. *P <0.05 vs. sham, 

#P <0.05 between UUO and UUO + HL156A.  

 Similar changes were also shown in qRT-PCR results Figure 2.5. 

(Figure A-F) 

 

Figure 2.5. Quantitative real-time PCR for various gene expressions in 

the kidney tissue 

RNA was extracted from Wistar rat kidney using TRIzol (Invitrogen 

Japan, Tokyo, Japan). The concentration of total RNA was 
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determined by measuring the optical density at 260 nm and the purity 

was checked as the 260 nm/280 nm ratio with expected values 

between 1.8 and 2.0. cDNA was obtained from the RNA by reverse 

transcription using a High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems Cheshire, UK). Primers were used and all 

samples were stored at -80°C until further analysis. PCR was done 

using Power SYBR Green PCR Master Mix and Quantstudio 3 Real 

time PCR System (Applied Biosystems). Results are presented by Δ

Ct. Compared with unilateral ureteral obstruction (UUO) alone, 

HL156A co-treatment up-regulated AMPK1 (A), AMPK2 (B), and 

E-cadherin (E) expressions. HL156A down-regulated TGF-β (C) and 

fibronectin (F) expression. Smad3 mRNA expression was similar 

between the four groups (D). *P <0.05 vs. Sham, #P <0.05 vs. UUO. 

This was performed twice and each experiment included two animals 

from each group. 

2.3.5. Optimal dose and exposure time of TGF-β1 in a cultured rat 

proximal cell line 

Further explored whether the above changes in renal tissues induced 

by AMPK activation were reproducible in rat proximal tubule cells. 

First, since TGF-1 is a key player in the EMT and in renal fibrosis, 

the optimal TGF-β1 dose and exposure time from cultured NRK52E 

cells (rat proximal cell line) were explored. There was a dose-
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dependent and time-dependent change in p-AMPK, α-SMA, and E-

cadherin in response to TGF-β1 exposure. We finally concluded that 

10 ng/ml of TGF-β1 and a 24-hour exposure were optimal for the in 

vitro experiment (Figure 2.6.). 

 

Fig 2.6. Pilot study to estimate the optimal dose and duration of TGF-

β1 treatment.  

Cultured rat proximal tubular NRK-52E cells were incubated in the 

different concentrations TGF-β1 and various exposure time. (A) 

NRK-52E cells were treated with TGF-β1 at different concentrations 
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(0, 2, 5, and 10 ng/ml) for 24 hours and were subjected to western 

blot analysis to evaluate phosphorylation of AMPK, total AMPK, α-

SMA, E-cadherin, and β-actin. (B) NRK-52E cells were exposed to 

TGF-β1 at various exposure times (0, 4, 8, 12, and 24 hours), and 

AMPK, -SMA, and E-cadherin expressions were evaluated. The 

results showed that 10 ng/ml of TGF-β1 for 24 hours were the 

optimal dose and time for my further experiments. (C, D) Western 

blot analysis quantified protein bands by using image J and 

normalized to β-actin. Experiments were repeated three times.  

 

2.3.6. HL156A up-regulated AMPK and inhibited fibrogenic signals 

from NRK52E cells 

The effect of HL156A on the TGF-1-treated NRK52E cell line was 

evaluated. Compared with TGF-β1 treatment alone, HL156A co-

treatment up-regulated AMPK1, AMPK2, and E-cadherin 

expression and down-regulated Smad3, α-SMA, fibronectin, and type 

IV collagen expression. Western blot demonstrated that HL156A 

treatment stimulated p-AMPK and inhibited the TGF-1-induced 

phosphorylation of Smad3 and expression of its downstream 

molecules in the canonical TGF-1/Smad3 pathway from NRK52E 

cells (Figure2.7.). 
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Figure 2.7. The effect of HL156A on TGF-1-treated NRK52E cells 

NRK-52E cells, cultured rat proximal cells, were incubated in the 

presence or absence of HL156A 30 µM for 24 hours. Then, these 

cells were stimulated with TGF-β1 (10 ng/mL) for 24 hours before 

harvesting. Compared with TGF-β1 treatment alone, (A) HL156A 
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co-treatment up-regulated AMPK1, AMPK2, and E-cadherin 

expressions. HL156A down-regulated Smad3, α-SMA, fibronectin, 

and type IV collagen. This was confirmed by mRNA expression 

levels of AMPK1, AMPK2, TGF-β1, Smad3, -SMA, fibronectin, 

E-cadherin, and type IV collagen. (B) Representative Western blots 

of phosphorylated AMPK, total AMPK TGF-β1, Smad3, -SMA, 

fibronectin, E-cadherin, and type IV collagen expression levels from 

the NRK-52E cells. (C) Western blot analysis of protein bands 

quantified using image J and normalized to β-actin. Experiments 

were repeated three times. *P <0.05 vs. vehicle, #P < 0.05 between 

TGF-β1 and TGF-β1 + HL156A.  

The anti-fibrogenic effects of HL156A in vitro were also shown in 

our qRT-PCR results (Figure 2.8.).  
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Figure 2.8. Quantitative real-time PCR for various gene expressions in 

the NRK52E cells 

RNA was extracted normal rat kidney (NRK-52E) cell line using 

TRIzol (Invitrogen Japan, Tokyo, Japan). cDNA was obtained from the 

RNA by reverse transcription using a High Capacity cDNA Reverse 

Transcription Kit (Applied Biosystems Cheshire, UK). PCR was done 

using Power SYBR Green PCR Master Mix and Quantstudio 3 Real 

time PCR System (Applied Biosystems). Results are presented by Δ

Ct. qRT-PCR showed an increase of -SMA (D) with down-

regulation of E-cadherin (E), both of which are hallmarks of EMT. 

TGF-β1 groups also exhibited increased expression of extracellular 

matrix (ECM) molecules, including fibronectin (F), type IV collagen 

(G). Smad3 mRNA expression was not different among the four 

groups (C). Compared with the TGF-β1 group, the HL156A-treated 

TGF-β1 group exhibited markedly increased AMPK1 (A) and 

AMPKα2 (B) expression and reduced expression of -SMA, 

fibronectin, and type IV collagen. E-cadherin expression was also 

restored in the HL156A treatment group. *P <0.05 vs. Control (CTR), 

#P <0.05 vs. TGF-β1. Each experiment was performed twice. 

 

2.3.7. The expression of inflammatory chemokine  

Immunohistochemistry analysis revealed that HL156A inhibited the 
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UUO induced MCP-1 expression in rat kidney (Figure 2.9.A). qRT-

PCR and western blot analysis demonstrated that HL156A treatment 

down-regulated the MCP-1 expression from the kidney tissues 

(Figure 2.9.B) and from the NRK52E cells (Figure 2.9.C). These 

results indicate that HL156A inhibits the expression of inflammatory 

signals in the rat kidney and renal proximal tubule cell line.  

 

Figure 2.9. The expression of inflammatory cytokine  

(A) Immunohistochemistry (IHC) staining showed expression of 

MCP-1 (brown). This revealed that HL156A inhibited MCP-1, which 

was induced by UUO group. (B) qRT-PCR and western blot data 
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showed that HL156A treatment improved the MCP-1 under the UUO 

group. (C) HL156A treatment induced of MCP-1 from NRK52E cells. 

Experiments were repeated two times. *P <0.05 vs. Sham or vehicle, 

#P < 0.05 between TGF-β1 and TGF-β1 + HL156A. 

2.3.8. Immunofluorescence analysis of AMPK and the Smad3 pathway 

Immunofluorescence analysis revealed that HL156A, by stimulating 

p-AMPK, inhibited the TGF-1-induced p-Smad3, α-SMA, 

fibronectin, and type IV collagen in NRK52E cells. HL156A also 

abrogated the down-regulation of E-cadherin under the TGF-1-

treated condition (Figure 2.10.). Taken together, these results 

indicate that HL156A down-regulated EMT markers and inhibited 

ECM expression by inhibiting p-Smad3 and downstream molecules in 

the renal proximal tubule cell line. 
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Figure 2.10. Immunofluorescence analysis of AMPK and Smad3 

pathways 

NRK52E cells were treated with TGF-β1 (10 ng/ml) with or without 

HL156A (30 μM) for 24 hours. (A) Immunofluorescence staining 

showed expression of p-AMPK (red), p-Smad3 (red), E-cadherin 

(red), α-SMA (green), fibronectin (green), and type IV collagen 

(green). This revealed that HL156A, by stimulating p-AMPK, 

inhibited p-Smad3, α-SMA, fibronectin, and type IV collagen, which 

were all induced by TGF-1 treatment. HL156A co-treatment also 

restored E-cadherin expression that was suppressed under TGF-1.  
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Figure 2.11. Cleaved Caspase 3 expression in vivo and in vitro 

Effect of HL156A on UUO-induced cell apoptosis in the obstructed 

kidney was analyzed. Representative western blots of cleaved 

caspase 3 (#9661S Cell signaling Technology, Inc., Danvers, MA, 

USA) protein from the obstructed rat kidneys. (A) Cleaved caspase 3 

expression was increased in obstructed kidneys from UUO rat, and 

HL156A reduced the expression of cleaved caspase 3. 

Representative western blots of cleaved caspase 3 from the TGF-

β1–induced NRK-52E cells. (B) The protein expression of cleaved 

caspase 3 was significantly increased by TGF-β. HL156A treatment 

reversed above changes in the NRK-52E cells. Each experiment was 

performed twice. 

2.4. Discussion 

 The purpose of this study was to evaluate the amelioration of renal 

fibrosis by HL156A, a novel AMPK activator molecule, in a rat UUO 

model. In a previous report, showed that HL156A activated AMPK, 

resulting in amelioration of peritoneal fibrosis [10]. The present 

study demonstrated that HL156A treatment attenuated 
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tubulointerstitial fibrosis in the obstructed kidney of a rodent UUO 

model. The AMPK-activator activities were compared to the AICAR, 

metformin, and HL156A in a rodent renal tubular epithelial cell line. 

Among the three AMPK activator substances, AMPK activation was 

the most potent in the presence of the HL156A molecule. The 

HL156A reduced renal fibrosis and ECM expression. From in vitro 

experiments, that HL156A decreased α-SMA expression and 

recovered E-cadherin expression in TGF- β1 treated cells. 

AMPK is a metabolic regulator protein that is activated by nutrient 

and bioenergetic stress, which rapidly consumes ATP and elevates 

intracellular AMP. AMPK, when activated, switches off the energy-

consuming pathways and activates the energy-producing pathways, 

resulting in restoration of intracellular energy homeostasis. Recent 

reports have shown novel functions associated with AMPK beyond 

metabolic regulation, including anti-fibrotic and anti-tumor 

effects[35], [36]. AMPK is strongly expressed in the kidneys, where 

it is involved in diverse physiologic and pathologic processes[37]. In 

light of this, the inhibitory effects of HL156A were investigated, 

which demonstrated more potent AMPK activity on renal fibrosis 

than AICAR or metformin in a rat UUO model. TGF-β1, a key 

molecule of the TGF-β1 superfamily, plays a pivotal role in the 

activation of inflammatory cells[38], in the EMT, and in fibrosis 
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development[39]. TGF-β1 exerts its biological and pathological 

activity by binding to its receptors and signaling in Smad-dependent 

and independent pathways[40]. A previous study demonstrated that 

metformin activates AMPK and, thus, suppresses collagen type I 

production via renal fibroblasts in response to TGF-β1 [41]. 

Metformin and AICAR have been shown to activate AMPK in several 

organs[42], and recent studies have shown that these AMPK 

activators have a protective effect against renal fibrosis in animal 

models. AICAR reduced tubulointerstitial fibrosis in UUO mice and 

inhibited TGF-β1-induced myofibroblast activation [43], [44]. In 

present study demonstrated that AMPK activation by HL156A 

treatment resulted in decreased renal fibrosis in rats with UUO. The 

HL156A ameliorated the signals associated with EMT and ECM 

expression in both in vivo and in vitro experiments. In present study 

in vitro experiment, such protective effects were associated with 

inhibition of the Smad3 phosphorylation and nuclear translocation in 

rat proximal tubule cells. This is in contrast with a report by Mishra 

et al.[45], who showed that AMPK did not reduce Smad3 

phosphorylation or nuclear translocation in TGF-β1-stimulated 

human primary mesangial cells. It might be that the specific 

inhibitory effect of AMPK on TGF-β1 signaling is context-dependent 

on the species and cell type.    
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Collectively, the major finding of present study is that HL156A, a 

novel AMPK activator, elicits beneficial effects on renal fibrosis and 

restoration from EMT. Further studies are needed to investigate the 

intracellular link between AMPK and signaling cascades downstream 

of TGF-β1, such as Smad-dependent and Smad-independent 

pathways of tissue fibrosis. 

In conclusion, that HL156A, a novel AMPK activator, reduced 

tubulointerstitial fibrosis in UUO rats in vivo and inhibited signaling 

cascades downstream of p-Smad3 after TGF-β1-stimulation in vitro.  
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Chapter 3. AICAR, an AMPK activator, protects against 

cisplatin induced acute kidney injury 

3.1. Background  

Acute kidney injury (AKI) is a sudden episode of kidney damage [46]. 

Cisplatin is a widely used anti-cancer chemotherapeutic agent [47]. 

One of the major limiting factors in the use of cisplatin is its 

nephrotoxicity [48]. Clinically, cisplatin nephrotoxicity mechanism 

has been studied for the last three decades. First, inflammatory 

response provokes renal tissue damage. Second, cisplatin also 

induces injury in the renal vasculature and results in decreased blood 

flow and ischemic injury of the kidneys. Finally, the proximal tubule 

is injured due to intracellular conversion of the drug into toxic 

metabolites [49]. Renal tubular damage, characterized by tubular cell 

death, in the form of both necrosis and apoptosis is identified. 

Necrotic cell death was induced by a high concentration, while 

apoptosis was induced by lower concentration of cisplatin [50]. 

Adenosine monophosphate protein kinase (AMPK) is an important 

factor of cellular energy homeostasis [51]. When cellular AMP and 

ADP levels increase, AMPK is activated, promoting ATP-producing 

catabolic pathways while switching off ATP consuming biosynthetic 

pathways. AMPK is a serine/threonine protein kinase complex 

consisting of a catalytic α-subunit, a scaffolding β-subunit and 
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regulatory γ-subunits. Ubiquitously, in many tissues, AMPK exists in 

the form of the α1β1γ1 complex, making it a reference for AMPK 

assays to identify AMPK activators [52]. AMPK is also a key 

regulator of lipid and glucose metabolism [53]. 

5-aminoimidazole-4carboxamide riboside (AICAR), an AMPK 

activator, is an adenosine analog taken up into cells by adenosine 

transporter and phosphorylated by adenosine kinase, thus generating 

the AMP-mimetic [54]. Previous study, AICAR was reported as a 

regulator of cellular energy. AICAR has been shown to have 

regulatory effects of diverse biological processes, including lipid and 

glucose metabolism, [55] pro inflammatory response, [56] cytokine 

production, [57] cell proliferation and apoptosis. Recently, AICAR 

has also been shown to ameliorate ischemia/reperfusion injury and 

kidney fibrosis in a rat model [58]. In addition, AICAR was reported 

to protect against the development of acute tubular necrosis via a 

mechanism linked to decreased nitrosative stress and 

monocyte/macrophage infiltration and activation of AMPK in the 

kidneys [59]. 

Janus tyrosine kinase (JAK) signal transducers and activators of 

transcription (STAT) is an important tyrosine kinase pathway. STAT 

family has the dual function of transducing signals from receptors at 

the cell surface to the nucleus and activating transcription of target 
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STAT responsive genes in the nucleus of the cell [60].  In addition, 

JAK/STAT pathway is important for the kidney response to injury 

and the progression of certain renal diseases [61]. Indeed, previous 

study has shown that JAK/STAT signaling was associated with 

cardiac dysfunction during myocardial ischemia and reperfusion [62]. 

The aim of the present study was to investigate whether AICAR 

ameliorates cisplatin-induced acute kidney injury and whether its 

protective effect is mediated by JAK2/STAT1/SOCS1 pathway.  

 

3.2. Materials and Methods 

3.2.1. Animal model and experimental design 

Animal experiments were performed with approval of the Institutional 

Animal Care and Use Committee (IACUC-15-0252) of Seoul National 

University. Previous studies reported that cisplatin induced acute 

kidney injury in Sprague-Dawley rats. Sprague-Dawley rats 

were selected as the suitable animal model for AKI disease model 

An adult male Spraque Dawley SD (Koatech) rats (7-8 weeks, body 

weight 180-200 g) were divided into four groups. The rats were kept 

at a constant temperature (23±2oC) under 12 hour light/dark cycle 

with standard diet and distilled water. The rats were randomly 

divided into four groups – control, AICAR, cisplatin, cisplatin + 

AICAR groups (with six rats in each group). Rats in the cisplatin or 
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cisplatin + AICAR groups were injected with single dose of 7 mg/kg 

cisplatin (P4394; Sigma Aldrich, Darmstadt, Germany) 

intraperitoneally (i.p.). Rats in the control group were injected with 

vehicle (D.W.) alone. AICAR (A9978; Sigma-Aldrich, Darmstadt, 

Germany) was administered to rats at 100mg/kg i.p. daily for 5 days. 

On day 5, all rats were anesthetized under the 2-2.5% isoflurane 

inhalation. After the kidneys were hemi-sectioned, the cortical 

portions were taken and frozen in liquid nitrogen for western blot 

analysis.  

3.2.2. Histological Analysis  

The kidneys were fixed in 10% formalin, dehydrated, embedded in 

paraffin, sectioned at 4μm thickness of the tissue. The degree of 

acute kidney injury was determined under hematoxylin and eosin 

(H&E) staining. In evaluation of H&E sections, tubular damage was 

graded semi quantitatively on the basis of the percentage of damaged 

tubules as follows: 0, no damage; 0.5, less than 12.5% damage; 1.0, 

12.5 to 25% damage; 1.5, 25 to 37.5% damage; 2.0, 37.5% to 50% 

damage; 2.5, 50% to 62.5% damage; 3, 62.5% to 75% damage; 3.5, 

75% to 87.5 damage and 4.0, 87.5% to 100% damage. Tubular 

damage was defined as cell dilatation, cast formation, and tubular 

necrosis.   

3.2.3. Immunohistochemistry 



 

 ４０ 

p-AMPK (sc-33524; Santa Cruz Biotechnology, CA, USA), KIM1 

(BioX cell, USA), p-JAK2 (sc-21870 Santa Cruz Biotechnology, CA, 

USA), JAK2 (sc-34479; Santa Cruz Biotechnology, CA, USA), SOCS3 

(sc-9023 Santa Cruz Biotechnology, CA, USA), SOCS1 (sc-7006; 

Santa Cruz Biotechnology, CA, USA), p-STAT1 (sc-7988; Santa Cruz 

Biotechnology, CA, USA), STAT1 (sc-98783; Santa Cruz 

Biotechnology, CA, USA), p-STAT3 (sc-7993; Santa Cruz 

Biotechnology, CA, USA) and STAT3 (sc-8019; Santa Cruz 

Biotechnology, CA, USA) expressions was measured by 

immunohistochemistry (IHC) with polyclonal antibodies or rat 

monoclonal antibodies. For IHC, frozen sections (4 µm thick) of 

paraformaldehyde (PFA)-fixed tissue were prepared. Before IHC, 

sections were pretreated with blocking solution consisting of 5% 

normal goat serum in PBS containing 0.1% BSA and 0.3% Triton X-

100. Then, sections were incubated with the primary antibodies for 

30 min in a humidified chamber at room temperature (RT). 

Thereafter, sections were washed three times in PBS-0.1% BSA and 

then incubated with a secondary anti-mouse, anti-rabbit IgG for 30 

min at RT. The sections were then dehydrated and mounted with per 

mount mounting medium (Sigma, St. Louis, MO) and viewed by bright 

field microscopy. The each tissue was determined in digital images 

using LAS imaging software (Leica Microsystems, Santa Barbara, 
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CA).  

3.2.4. Cell culture and experimental treatments  

NRK-52E cells were cultured in DMEM containing 5% FBS at 37℃ in 

a 5% CO2 atmosphere. Cells were seeded in 10-cm2 plastic culture 

dishes (5 x 105cells/well) in DMEM. Cells were treated with AICAR 

(300µM) and cisplatin (20 µM) for 4hr. Protein extracted from total 

cell lysates was subjected to western blot analysis. All 

measurements were replicated at least three times. 

Figure 3.1. Dose dependent study in in vitro 

 

Cells were treated with cisplatin (0, 10, 20, and 30µM) and AICAR (0, 

100, 200, and 300µM) for 4hr. We selected cisplatin (20 µM) and 

AICAR (300 µM). 

3.2.5. Western blot analysis  

50 µg of protein extracted from cell lysates was loaded at each lane, 

separated by 8% SDS-PAGE under reducing conditions, and 

transferred onto nitrocellulose membrane (Amersham, Arlington 

Heights, IL) by electro blotting. The transfer of the protein and the 
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equality of the loading in the lanes were verified using reversible 

staining with Ponceau S. The membrane was blocked with 5% nonfat 

dry milk in TBS-T (Tris-buffered saline and 0.15% Tween 20) for 

1hr at room temperature. The antibodies against the following 

proteins were used at 1:1,000 dilutions, unless otherwise described: 

p-AMPK (sc-33524; Santa Cruz Biotechnology, CA, USA), KIM1 

(BioX cell, USA), p-JAK2 (sc-21870 Santa Cruz Biotechnology, CA, 

USA), JAK2 (sc-34479; Santa Cruz Biotechnology, CA, USA),  

SOCS3 (sc-9023 Santa Cruz Biotechnology, CA, USA), SOCS1, p-

STAT1, STAT1, p-STAT, STAT3 (Biotechnology, Santa Cruz, CA), 

HO-1, 3NT, MDA, p-ERK and ERK diluted in TBS-T containing 5 % 

nonfat milk, and incubated overnight at 4 ℃ in a 1:500 dilution of 

primary antibody. After three washes with TBS-T, the membrane 

was incubated with secondary antibodies. After another round of 

washing with TBS-T, the membranes were exposed to enhanced 

chemiluminescence (ECL western blotting detection reagent, 

Amersham Biosciences). Band densitometry was semi-quantitatively 

measured using the image J (Mac OS X; National Institute of Mental 

Health Bethesda, Maryland, USA) program and normalized to β-actin.  

3.2.6. Measurement of intracellular ROS production 

The membrane permeable indicator DCF-DA was used to detect 

intracellular ROS production in normal rat kidney (NRK-52E) cells. 
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Intracellular ROS production was measured by Fluorescence DCF-

DA dye using ROS detection kit (Abcam, Cambridge, UK). The NRK-

52E cells were cultured in DMEM containing 0.5 % FBS for 4 h. Then, 

the cells were treated with AICAR (300µM), and cisplatin (20 µM) in 

4 hours, then were loaded with 10 μM DCF-DA. Intracellular ROS 

production was detected using a laser scanning confocal microscope 

(Leica TCS-NT, Heidelberg, Germany) with excitation and emission 

wavelengths of 488 and 520 nm, respectively. 

3.2.7. Data analyses 

Data were expressed as mean ± standard error (SE). Statistical 

analysis were performed using the two-tailed unpaired Student’s t-

test or analysis of variance (ANOVA) followed by the Tukey method. 

P < 0.05 was considered statistically significant.  

3.3. Results 

3.3.1. AICAR protects against cisplatin-induced AKI 

Serum creatinine and blood urea nitrogen (BUN) were tested for all 

groups. BUN and serum creatinine levels increased on the 5th day 

after cisplatin injection. However, AICAR treatment improved BUN 

and serum creatinine, which were significantly reduced on day 5 

after the cisplatin injection. (Figures. 3.2. A, B) AICAR protected 

against cisplatin induced acute kidney injury.  
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Figure 3.2. AICAR protected cisplatin induced AKI. 

AKI was increased in blood urea nitrogen and serum creatinine levels 

as cisplatin treatment on day 5. (A) At daily injection of 100mg/kg 

AICAR protected against cisplatin induced acute kidney injury on rat. 

(B) AICAR treatment decreased serum creatinine and blood urea 

levels. AICAR protected against cisplatin induced acute kidney injury. 

n=6 rats per each group, values represent mean ± standard 

deviation, *p<0.05 vs control, #p<0.05 vs cisplatin 

3.3.2. AICAR effect on the renal tissue and AKI index 

Hematoxylin and eosin (H&E) staining of the kidneys harvested on 

day 5 also showed protective effect of AICAR against tissue damage; 

tubular dilatation, cast formation, and tubular necrosis (Figure.3.2.). 

The cisplatin injected rats exhibited tubular dilatation, cast formation 

and tubular necrosis, which were all reduced by AICAR treatment 

(Figure. 3.3. A). AKI index was increased in the cisplatin group and 

ameliorated by AICAR treatment (Figure. 3.3. B). 
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Figure 3.3. AICAR supplement decreased cisplatin induced AKI 

A: Hematoxylin and Eosin (H&E) staining showed that cisplatin 

caused severe renal damage: tubular dilatation, cast formation and 

tubular necrosis compared to the control group, which were all 

reduced by AICAR treatment. (B) AKI index was increased in 

cisplatin group and ameliorated by AICAR treatment. n=6 rats each 

group, values represent mean ± standard deviation, *p<0.05 vs 

control, #p<0.05 vs cisplatin  

3.3.3. AICAR effect on the renal AMPK expression in AKI 

The total and phosphorylated AMPK and kidney injury molecule 1 

(KIM1) were measured in the kidneys by immunohistochemistry and 

western blot. Phosphorylated AMPK (p-AMPK) and KIM1 expression 

was detected by immunohistochemistry in the kidneys harvested on 

day 5. (Figure. 3.4. A) p-AMPK expression was increased by AICAR 

treatment. Cisplatin treatment increased KIM1, which were 

ameliorated by AICAR treatment. Treatment with AICAR protected 
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from cisplatin induced acute tubular injury by up regulation of p-

AMPK expression and down-regulation of KIM1.  

 

Figure 3.4. AICAR in p-AMPK and KIM1 expression on the rat kidney 

The total expression and phosphorylation level of AMPK in the 

kidneys by IHC and western blot. Kidneys were harvested day 5.   

p-AMPK and KIM1 expression was detected by 

immunohistochemistry in the kidneys. A: p-AMPK expression was 

down-regulated by cisplatin administration but it was recovered by 

AICAR treatment. B: Cisplatin treatment increased KIM1 and Caspase 

3 expression, which was ameliorated by AICAR treatment. Treatment 

with AICAR protected from cisplatin induced acute tubular injury by 

up regulating p-AMPK expression and down regulated KIM1. C: The 

graph showing semi-quantitative, image J analysis of p-AMPK 
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normalized by total AMPK and Kim1 normalized by β-actin. n=6 rats 

each group, *p<0.05 vs control, #p<0.05 vs cisplatin 

 

3.3.4. AICAR on JAK/STAT/SOCS signaling pathway in vivo. 

Immunohistochemistry and western blot showed that cisplatin 

increased p-JAK2 and p-STAT1 expressions and AICAR treatment 

ameliorated the expression levels of p-JAK2 and p-STAT1. SOCS1 

expression was increased after treatment with AICAR. However, no 

changes in the expression level were found in p-STAT3 and SOCS3 

expression from the kidneys. AICAR effect on the protection from 

cisplatin-induced AKI was mediated by the p-JAK2, p-STAT1 

expression (Figure.3.5). 
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 Figure 3.5. AICAR activity of the JAK/STAT signaling pathway on rat 

kidney 

A: AKI was increased in p-JAK2, p-STAT1 expression analyzed by 

IHC. AICAR treatment of cisplatin injected rats, the expression levels 

of p-JAK2 and p-STAT1 were improved. However, no changes in 

the expression level were found in p-STAT3 and SOC3 expression 

from the kidneys. AICAR treatment prevented the AKI induced in the 

p-JAK2, p-STAT1 expression analyzed by western blot. Data were 

semi-quantitative by image J, *p<0.05 vs control, #p<0.05 vs cisplatin 

3.3.5. AICAR on reactive oxygen species (ROS) in AKI. 

NRK-52E cells, after being treated with cisplatin and/or AICAR, were 

subjected to the reactive oxygen species (ROS) measurement. Cells 

were treated with fluorescent dye, DCF-DA, using ROS detection kit 

(Abcam, Cambridge, UK). Cisplatin treatment increased intracellular 
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ROS level, which were decreased by AICAR treatment (Figure 3.5). 

 

Figure 3.6. AICAR on reactive oxygen species (ROS) in AKI 

NRK-52E cells measured the by Fluorescent DCF-DA dye using ROS 

detection kit. After cisplatin treatment increased in ROS, AICAR 

treatment decreased ROS levels. 

3.3.6. AICAR on JAK/STAT/SOCS signaling pathway in NRK-52E cells. 

In vitro experiment with NRK-52E cells showed that cisplatin 

increased p-JAK2, and p-STAT1 expressions, when analyzed by 

western blot (Figure 3.7). However, the expressions of p-STAT3 and 

SOCS3 did not change in the kidneys. AICAR treatment effect on the 

AKI is also mediated by the p-JAK2, and p-STAT1 expression in 

NRK-52E cells. Taken together, these results suggest that AICAR 

can significantly inhibit the activity of the JAK2/SOCS1/STAT1 

signaling pathway in cisplatin-injected rats, which could be a 

protective mechanism mediating the AICAR effect on the cisplatin-

induced AKI.  
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Figure 3.7. AICAR activity of the JAK/STAT signaling pathway on 

NRK-52E cells. 

AKI was increased in p-JAK2, p-STAT1 expressions analyzed by 

western blot. However, no changes in the expression level were 

found in p-STAT3 and SOC3 expression from the kidneys. AICAR 

treatment prevented the AKI induced in the p-JAK2, p-STAT1 

expression in vitro. Data were semi-quantitative by image J, *p<0.05 

vs control, #p<0.05 vs cisplatin 

3.3.7. AICAR on oxidative stress markers in AKI  

The role of oxidative stress in the NRK-52E cells was measured by 

western blot (Figure 3.8). Cisplatin treatment increased heme 

oxygenase-1 (HO-1), 3-nitrotyrosine (3-NT), malondialdehyde 

(MDA) and phosphorylated extracellular signal-regulated kinase (p-
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ERK) expressions, all of which were ameliorated by AICAR treatment. 

Cisplatin increased the expression of cleaved caspase 3, which is 

decreased by AICAR treatment. 

 

Figure 3.8. AICAR on oxidative stress markers in AKI.  

The role of oxidative stress in the NRK-52E cells, examine by 

western blot. After cisplatin treatment increased at heme 

oxygenase-1 (HO-1), 3-nitrotyrosine (3-NT), malondialdehyde 

(MDA) and phosphorylated extracellular signal-regulated kinase (p-

ERK) expression, AICAR treatment inhibited HO-1, 3NT, MDA and 

p-ERK levels. Data were semi-quantitative by image J, *p<0.05 vs 

control, #p<0.05 vs cisplatin. 

3.4. Discussion 
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Here, experimentally induced AKI model of rat was employed. (a) 

AICAR treatment reduced BUN and Cr; (b); AICAR protected from 

cisplatin induced AKI by up regulating p-AMPK expression and down 

regulating KIM1; and (c) the renoprotective mechanism of AICAR is 

mediated by down-regulation of JAK2/STAT1 pathway. It was shown 

for the first time that protective mechanism of AICAR from a 

cisplatin-induced AKI may be associated with the suppression of the 

JAK2/STAT1 pathway. The aim of present study was to investigate 

whether AICAR ameliorates cisplatin induced AKI. 

Cisplatin induced AKI involves oxidative stress [63], proximal 

tubular injury [64], inflammation [65], vascular injury [66], and 

tubular epithelial cell apoptosis [67]. In the present study, AKI was 

increased in BUN and serum creatinine levels as cisplatin treatment. 

AICAR treatment improved BUN and serum creatinine. Cisplatin 

treatment increased KIM1, which were ameliorated by AICAR 

treatment. Cisplatin increased the expression of cleaved caspase 3, 

which is decreased by AICAR treatment.  

AMPK plays in the regulation of energy homeostasis within cells and 

at the whole-organism level both as a sensor and signaling molecule. 

Previous study findings suggested that AMPK protects from the liver 

[68], heart [69], lung [70], and kidney fibrosis [26]. It has been 

reported that AMPK activator AICAR protects against I/R injury in 
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several tissues such as heart, liver [7], and kidney [71]. It was also 

shown that cisplatin injected rats exhibited tubular dilatation, cast 

formation and tubular necrosis, which were all reduced by AICAR 

treatment. The cisplatin treatment increased KIM1, which were 

ameliorated by AICAR.  

Recent study demonstrated renoprotective effects of AICAR were 

associated with a decrease in nitrosative stress and amelioration of 

monocyte/macrophage infiltration in the kidneys. AICAR suppresses 

the production of ROS inhibits pro-inflammatory cytokines [72]. 

Cisplatin treatment increased intracellular ROS level, which were 

decreased by AICAR treatment. Cisplatin treatment increased heme 

oxygenase-1 (HO-1), 3-nitrotyrosine (3-NT), malondialdehyde 

(MDA) and phosphorylated extracellular signal-regulated kinase (p-

ERK) expressions, all of which were ameliorated by AICAR treatment. 

Janus tyrosine kinase (JAK) which comprise four tyrosine kinase 

(JAK1, JAK2, JAK3, and TYK2) and the signal transducer and 

activator of transcription (STAT), containing seven transcription 

factors (STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B and 

STAT6) are play an important role of intracellular signaling pathway 

of various cytokines, and regulate a variety of inflammatory 

reactions, proliferations, and differentiations [73, 74]. JAK/STAT 

pathway is negatively regulated by suppressors of cytokine signaling 
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(SOCS), which are best studied for JAK2 signaling through STAT1 

and STAT3 in progression of renal diseases. STAT3 is activated in 

interstitial cells, myofibroblast and tubular epithelial cells of UUO 

kidney [75]. JAK2 is activated in glomerular and tubuointerstitial 

compartment of human diabetic nephropathy (DN) [76]. JAK2/STAT3 

inhibition has been shown to ameliorate renal fibrosis in vivo [61]. In 

previous study demonstrated that p-JAK2, p-STAT1 and p-STAT3 

are increased in the ischemia-reperfusion and adriamycin induced 

nephropathy [77]. JAK2/STAT1 signaling was activated in vitro by 

albumin in renal proximal tubular epithelial cells [78]. However it is 

not well known to JAK/STAT mechanism on cisplatin induced AKI on 

rat. In present study were focus on the mechanism of JAK2, SOCS1, 

and STAT1 signaling pathway in the cisplatin induced acute kidney 

injury. SOCS1 is the most potent member of the SOCS family. SOCS1 

has been shown to have a crucial function in regulation of Jak2 

activation. Previous study reported that SOCS1 binds to the 

phosphorylated activation loop tyrosine in Jak2 and inhibit the 

catalytic activity of Jak2. Previous study determined that during the 

ROS-mediated apoptosis of immune cells SOCS1 expression was 

induced by ROS, and SOCS1 over-expression led to the inhibition of 

oxidant-induced apoptosis [74]. 

Cisplatin increased in p-JAK2 and p-STAT1 expressions and AICAR 
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treatment ameliorated the expression levels of p-JAK2 and p-STAT1. 

SOCS1 expression was increased after treatment with AICAR. AICAR 

treatment effect on the AKI is also mediated by the p-JAK2, and p-

STAT1 expression in NRK-52E cells.  

In conclusion, AICAR reduces cisplatin induced AKI in vivo and 

inhibits cisplatin induced kidney injury activation in vitro. The 

present study demonstrates the protective effect of AICAR in 

cisplatin-induced AKI and shows a new renoprotective mechanism 

through JAK2/STAT1/SOCS1 pathway and apoptosis inhibition. In 

this study, the effects of AMPK activator AICAR response on 

cisplatin induced AKI were suggested to be through the 

JAK/SOCS/STAT pathway.  

This study suggests that activation of AMPK activator, AICAR might 

ameliorate the cisplatin induced AKI. Furthermore, it remains to be 

determined whether JAK/STATs might play a role in cisplatin 

induced acute kidney injury. The potential for using more specific 

mechanism of STAT1 or JAK2 for treatment of AMPK activator 

AICAR and cisplatin induced AKI will need to be further evaluated in 

the future. 

Chapter 4. General Discussion and Conclusion  

The effects of AMPK activation on most disease states in the kidney 

are generally protective against inflammation and fibrosis in models 
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of kidney disease. AMPK modulation may be particularly useful to 

ameliorate disease states aggravated by metabolic disturbances. 

There is a well-known list of pharmacological activators of AMPK, 

including metformin, AICAR, resveratrol, HL156A, and palmitic acid, 

The potential role of these agents in the treatment of kidney disease. 

AMPK has been studied as one of many factors in the pathways 

leading to fibroblast activation and epithelial-to-mesenchymal 

transition (EMT) in the kidneys in varying models of kidney injury. 

The inhibitory effects of HL156A on signaling pathway and markers 

of (EMT) were analyzed.  In the present study, a model of UUO rats, 

administration of HL156A attenuated matrix protein deposition and 

the expression levels of TGF-β1, p-smad3, α-SMA, fibronectin and 

type IV collagen were down-regulated and E-cadherin expression 

was up-regulated. From TGF-β1 treatment to NRK-52E cells, 

parallel changes were observed from HL156 co-treated cells. HL156 

co-treatment inhibited TGF-β1-induced smad3 signaling pathway 

and markers of epithelial-to-mesenchymal transition (EMT). From 

TGF-β1 treatment to NRK-52E cells, parallel changes were 

observed from HL156 co-treated cells. HL156 co-treatment 

inhibited TGF-β1-induced smad-3 signaling pathway and markers of 

(EMT). These findings suggest that inhibitory effect of AMPK 

activator HL156A ameliorates to the renal fibrosis in vivo and in vitro. 
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 AMPK has been studied in the pathways leading to inflammation and 

acute kidney injury. Cisplatin causes acute kidney injury (AKI) 

through proximal tubular injury. It was investigated whether AMP-

kinase activator AICAR ameliorates cisplatin induced AKI through 

JAK/STAT/SOCS pathway. JAK2/STAT1/SOCS1 pathway was down-

regulated by AICAR treatment in our in vivo and in vitro study. Thus, 

the present study demonstrates the protective effect of AICAR in 

cisplatin-induced AKI and shows a new renoprotective mechanism 

through JAK2/STAT1/SOCS1 pathway and apoptosis inhibition. This 

study suggests that activation of AMPK activator, AICAR might 

ameliorate the cisplatin induced AKI.  

AMPK-mediated pathways in various kidney diseases where 

dysregulation of metabolism is a characteristic feature, including 

those caused by states of renal fibrosis and acute kidney injury. 

Thus, AMPK continues to be a potentially useful target for study to 

further our knowledge of the kidney in health and disease. 
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초록 

Adenosine monophosphate protein kinase (AMPK)는 중요한 세포 

에너지 센서이다. AMPK는 전신 수준에서 신진 대사 에너지 균형을 

조절한다. AMPK 활성화가 미치는 영향은 당 및 지질대사, 사이토카인 

생성 및 염증 조절, 그리고 세포 증식과 세포사멸에 이르러 그 범위가 

방대하다. 본 연구자는 대표적 AMPK 활성제인 HL156A가 생체 내, 

생체 밖 모델에서 신장 섬유화증에 억제 효과가 있는지 연구하였다. 

또한 또 다른 AMPK 활성제인 AMP-kinase activator 5-

aminoimidazole-4-carboxamide ribonucleotide (AICAR) 가 cisplatin 

에 의한 급성 신손상 설치류 모델에서 보호효과가 있는지 여부를 연구 

하였다. 본 연구자는 HL156A, metformin, AICAR 처리 시 AMPK 

활성증가 정도를 비교 하였고, 이중 HL165A 가 가장 강력한 AMPK 

활성제임을 발견 하였다. 본 연구는 AMPK 활성제가 신장 섬유증과 

급성 신손상에 보호효과가 있음을 입증 하였다.  

본 연구 결과 중 일부를 다음 논문에 게재 하였다:  

  Tsogbadrakh, B., et al. (2018). "HL156A, a novel pharmac

ological agent with potent adenosine-monophosphate-activa

ted protein kinase (AMPK) activator activity ameliorates re

nal fibrosis in a rat unilateral ureteral obstruction model." 

PLoS One 13(8): e0201692. 

 Tsogbadrakh, B., et al. (2019). "AICAR, an AMPK activator,
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 protects against cisplatin-induced acute kidney injury thro

ugh the JAK/STAT/SOCS pathway." Biochem Biophys Res 

Commun 509(3): 680-686. 

 

주요어: 아데노신 모노 인산 단백질효소 (AMPK), 

5-아미노이미다졸-4-카르복스아미드리보뉴클레오타이드(AICAR), 

일측요로폐쇄 (UUO), 급성 신손상 (AKI), 야누스 키나아제 (JAK), 신호 

변환기 및 전사 활성화 제 (STAT) 
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