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양 지  

지도 :    

조 학  학원 약학과 

 

산  원 상태  균  변 에 해 생  산소종 (Reactive oxygen 

species, ROS)  생체 내에  에 지 사를 해 산소를 이용하는 모든 생명체

에  생하는 산소 부산 써, 소량  ROS는 포 내 신 달 질 써 작

용하여 포 생존  장, 염증  등  매개하여 생리 상  조 하는 

능  한다. 하지만 다양한 외부 자극에 한 과량  ROS 생  산  스트

스를 하여 DNA, 단 질, 지질 포막  포함한 주요 포 내 거 분자  

하여 이들  상  능  해함에 라 포 사멸  도하여 여러 병

리상태  주요 원인  작용하게 다. 이러한 ROS가 간 내에  생 게 

면, 에는 염증 신 를 자극하여 간염  일 키게 고, 또한 만 이고 
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복 인 간 내 염증  간 포 사를 일 키고 간조직 에 질  하여 

간 , 간경변증, 간암 등과 같  만  증 간질  이행 시키게 다.  

이  같  이  본 연구에 는 간 내에  생 고 있는 ROS  억 하는 

단 질인 Sestrin2  항 염증, 항  효능  규명하고자 하 고, 나아가 Sestrin2

  조 할  있는 료 를 굴하여 간질  료  가능  탐색하고

자 하 다.  

첫 번째 , 본 연구에 는 동   포 염증 모델  용하여 염증  천

 면역 에 있어  Sestrin2  역할  규명하 다. 또한, TLR 매개  염증 

신 에 하여 Sestrin2  항 염증 효능  평가하 고, 그 분자   탐색

하 다. 조군 mice에  Gal/LPS에 해 증  ALT/AST  염증

이 adenovirus Sestrin2 여에 해 었다. 그리고, Sestrin2 stable 

expression 식 포에 도 LPS에 증가  iNOS 과 사이토카인(TNF-a, 

IL-1b, IL-6)  양이 억 는 것  찰할  있었다. 이는 과도한 

ROS/RNS  인한 염증   이  인한 간염  어하  해 Sestirn2이 

효  작용할  있  시사한다.  

 번째 , 본 연구에 는 만  간질  모델인 간  모델에  Sestrin2

 역할  규명하 다. Adenovirus Sestrin2 여 후, 간  도 질인 

사염 탄소 여 또는 담즙 체 간 손상인 담  결찰 후에 ALT/AST  

간  지 들  인해 본 결과, 조군  Adenovirus Sestrin2 여 

mice군에   억 는 것  찰할  있었다. 또한, 간 상 포주

인 LX-2에 Sestrin2  Sestirin2  과  시킨 후 TGF-b 자극  주었  

, 간  지 들(a-SMA, PAI-1, Col 1A1)이 히 억 었다. 이는 
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Sestirn2이 간 상 포   간  신  억 를 통하여 간  

병  진행에 있어 료 이   있  시사한다. 

 번째 , 본 연구에 는 Sestrin2   조 할  있는 후보 질  도

출하고자 천연  library를 용하여 스크리닝 하 고, methylated flavonoid인 

Isorhamnetin이 Sestrin2  히 증가시킴  찰하 다. 그리고 

Isorhamnetin에 한 Sestrin2  이 Nrf2를 매개  하여 증가  인하

고, Isorhamnetin이 t-BHP에 해 생  ROS  포사멸  감소시키는 것  

찰하 다. 그 다 , 염증과 에  료 써  Isorhamnetin  역할  연

구하 다. 식 포에  LPS  인해 증가  염증 들  Isorhamnetin이  

있게 감소시킴  인하 고, 간 상 포주에  TGF-b에 한 간  

지 들  하게 억 시키는 것  냈었다.  

 결과 , 본 연구에 는 신규 스트 스  자인 Sestrin2   신  

조  단 질, 하  능 단 질  규명하고 Sestrin2  간 포보 , 간염  간  

억  효능  규명함 써 간질  료 신규 타겟 써  Sestrin2  가능  시

하 다. 또한 Sestrin2   조 할  있는 질  Isorhamnetin  역할  

규명함  Isorhamnetin이 간질  료 후보약 이   있  시한다.  
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Ⅰ. Introduction 

 

1. Reactive oxygen species and liver diseases  

 

1.1 Reactive oxygen species 

 Reactive oxygen species (ROS) are generated from the metabolism of molecular oxygen, 

mainly in mitochondria and are important mediators of normal cell physiology (Halliwell, 

1999; Rigoulet, Yoboue, & Devin, 2011), ROS can play a role as intracellular signaling 

molecules and are involved in regulation of diverse biological processes. Especially, hydrogen 

peroxide (H2O2) is a significant ROS in terms of cell signaling regulation (Veal & Day, 2011).  

However, oxidative stress occurs when the equilibrium between ROS production and the 

antioxidant defense mechanism is skewed in favor of ROS production, and the immoderate 

ROS then causes direct damage to macromolecules, such as, lipids, nucleic acids, and proteins 

(Blumberg, 2004). Moreover, it is well known that oxidative damage is associated with various 

human diseases, such as, hepatitis, diabetes, cancer, and cardiovascular disease.  

The peroxiredoxin (Prx) is consists of a family of thiol-dependent peroxidases that scavenge 

H2O2 and alkyl hydroperoxides, serve as antioxidant protein. Furthermore, the six mammalian 

Prx family members exhibit different tissue and organelle distributions (Immenschuh & 

Baumgart-Vogt, 2005). In addition, they are also associated with various cellular functions, 

such as, proliferation, differentiation, and apoptosis. (Immenschuh & Baumgart-Vogt, 2005; 



 ב

 

Rhee, Woo, Kil, & Bae, 2012). The Prxs are classified into three subgroups, designated 2-Cys 

Prx, atypical 2-Cys Prx, and 1-Cys Prx. The 2-Cys Prx, existing as homodimers, contains two 

conserved cysteine residues for peroxide reduction. Under extremely oxidizing conditions, Prxs 

is deprived of peroxidase activity due to the overoxidation of cysteine to sulfonic acid (Cys-

SO3H) or sulfinic acid (Cys-SO2H) (Rhee et al., 2012) in the active site. However, sufinylated 

Prxs are reactivated by sulfiredoxin (Srx), which decreases sulfinylated Prxs via an ATP-

dependent mechanism (Chang et al., 2004; Jeong, Bae, Toledano, & Rhee, 2012; Woo et al., 

2005).  

 

1.2 The stage of liver diseases 

Liver diseases include three conditions: fatty liver, hepatitis, and fibrosis/cirrhosis. Heavy 

alcohol drinking and excessive food intake can lead to fatty liver (Hiramine et al., 2011; 

Kargulewicz, Stankowiak-Kulpa, & Grzymislawski, 2014), or steatosis-the earliest stage of 

liver disease and the most common liver disorder. Steatosis is marked by an excessive 

buildup of fat inside liver cells. This condition can be reversed, however, when causes were 

withdrawn.  

Hepatic steatosis may lead to a more severe, potentially fatal condition, hepatitis-an 

inflammation of the liver with symptoms including nausea, lack of appetite, vomiting, fever, 

abdominal pain and tenderness, jaundice, and, sometimes, mental confusion. If inflammation 

may continues, in some patients this inflammation eventually leads to fibrosis or cirrhosis, 

and end-stage hepatocellular carcinoma (HCC) for years or even decades in the liver, in 

which healthy liver cells are replaced by scar tissue, leaving the liver unable to perform its 

vital functions (Wynn, 2007). Liver cirrhosis is major cause of death in the United States, and 
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it was the 12th leading cause of death, in 2000. Cirrhosis mortality rates vary considerably 

among age groups. Whereas these are very low among young people, cirrhosis mortality rates 

increase considerably in middle age. In fact, cirrhosis is the fourth leading cause of death in 

ages of 45-54 (Scaglione et al., 2014). 

 

1.3 Reactive oxygen species and liver diseases  

The liver is a multifunctional organ that is responsible for detoxification and metabolic 

homeostasis. It has two blood supply sources: the hepatic artery delivers oxygenated blood 

from the general circulation and the portal vein supplies deoxygenated but nutrient-rich blood 

from the intestinal region (MacSween et al., 1979).  

Many cell types compose the liver. The parenchymal cells, which are the most abundant in 

the liver, are hepatocytes (80% by volume) (Gershwin et al., 2003). The nonparenchymal cells 

such as endothelial cells, Kupffer cells, smooth muscle cells, hepatic stellate cells, and oval 

cells are other important cell components in the liver (Gershwin et al., 2003). All of these cells 

can modulate the progression of liver diseases and activate multiple signaling pathways. The 

liver is the first organ exposed to orally administered xenobiotics after absorption from the 

intestine, and it is a major site of biotransformation and metabolism.  

Since the liver is a metabolically active organ, it is particularly susceptible to reactive 

oxygen species (ROS). ROS are produced in liver cells as byproducts of normal metabolism 

and detoxification. Therefore, a wide range of antioxidant systems have developed in the liver, 

so that when produced, ROS are rapidly destroyed (Casarett et al., 2008). However, sustained 

and excessive ROS cause cellular damage and have been linked to a variety of liver diseases. 

Viral hepatitis and alcoholic or nonalcoholic steatohepatitis are the 3 major causes of chronic 
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liver diseases, which are highly associated with oxidative stress, lead to liver fibrosis, cirrhosis, 

and end-stage hepatocellular carcinoma (HCC). Therefore, it is generally accepted that 

oxidative stress plays a key role in promoting the progression of these liver diseases (Zhu, 

Wang, Zhang, & Guo, 2012). 

 

2. Sestrin2(Sesn2) as a novel antioxidant enzyme  

 

2.1 The role of Sestirn2 as antioxidant enzyme 

Sestrins(Sesns) are conserved proteins that accumulate in cells exposed to various stresses, 

and three human isoforms have been identified. Sesn1 (PA26) has been identified as a GADD 

(growth arrest and DNA-damage inducible genes) whose expression is regulated by p53 

(Velasco-Miguel et al., 1999). Expression of Sesn2 (Hi95), which was identified as a PA26 

homologue, is induced by hypoxia, DNA damage, and oxidative stress (Budanov et al., 2002). 

Sesn3 was named as a novel PA26-related gene through analysis of the PA26 gene structure 

(Peeters et al., 2003) and its expression is regulated by FOXO transcription factor (Nogueira et 

al., 2008).  

The role of Sesn2 as a sulfinyl reductase is controversial (Woo, Bae, Park, & Rhee, 2009), 

but Sesn2 has been shown to have cytoprotective activity against various stresses such as 

hydrogen peroxideor ischemia through regeneration of over-oxidized peroxiredoxins (Budanov 

et al., 2002). Sesn2 induces autophagy through inhibition of mTOR signaling, which results in 

more efficient elimination of ROS-producing damaged mitochondria in stressed cells 

(Budanov & Karin, 2008; Maiuri et al., 2009). Our current data confirm the role of Sesn2, 
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which exerts beneficial effect on hydrogenperoxide-induced cell death. Treatment with SFN 

significantly increased cell viability from cell death induced by hydrogen peroxide, and this 

effect was reversed by Sesn2 knockdown. Sesn2 is a family of recently identified evolutionally 

conserved antioxidant protein that exhibit cysteine sulfinyl reductase activity and can protect 

cells from oxidative stress.  

Sesn2 is up-regulated in response to a variety of stresses including hypoxia, DNA damage, 

oxidative stress, and energetic stress (Svegliati-Baroni, De Minicis, & Marzioni, 2008). It is 

reported that the expression of Sesn2 is regulated by p53 (Budanov & Karin, 2008), Nrf2 (Shin, 

Jin, Cho, & Ki, 2012), and HIF-1α (Essler, Dehne, & Brune, 2009) dependent manner. 

Moreover, Sesn2 induces autophagy by inhibiting mTOR signaling via an AMPK activation, 

which results in more efficient elimination of ROS-producing damaged mitochondria 

(Budanov & Karin, 2008; Lee et al., 2010; Maiuri et al., 2009).  

 

2.2 Physiological role of Sestrin2  

Furthermore, recent reports have revealed physiological roles of Sesn2 in the liver. Sesn2 

protects liver from acute stimulation of lipogenesis associated with fasting and re-feeding 

through degradation of Keap1 and concomitant up-regulation of Nrf2 activity (Bae et al., 2013; 

Shin et al., 2012). Sesn2-mediated lipogenic gene repression is also explained by inhibition of 

liver X receptor-a (LXR-a) activity (Jin et al., 2013). Conversely, Sesn2 ablation exacerbates 

obesity-induced hepatosteatosis and insulin resistance via mTORC1-S6K activation and AMPK 

inhibition. However, the role of Sesn2 activation in the pathogenesis of liver diseases remains 

obscure.  
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3. The anti-inflammatory role of Sestrin2  

 

3.1 Reactive oxygen species and pro-inflammatory signaling in liver  

Toll like receptors (TLRs), mammalian homologues to the Drosophila Toll, comprise a family 

of transmembrane proteins that function in immunity and development. TLRs are ubiquitously 

expressed pattern recognition receptors, which are central to inflammatory response in a broad 

range of species. Furthermore, it is becoming apparent that a link exists between oxidative 

stress and TLR signaling. TLR4 activation by lipopolysaccharide (LPS) is capable of inducing 

ROS and NF-kB activation due to a direct interaction between TLR4 and NADPH oxidase 

(NOX) (H. S. Park et al., 2004). Moreover, Prx2 is critical for the regulation of LPS-induced 

inflammatory gene expression and for the activation of MAPKs and NF-kB through NOX and 

ROS signaling (C. S. Yang et al., 2007).  

 

3.2 Inflammation and acute hepatitis  

Kupffer cells, resident macrophages in the liver, have been implicated in the pathogenesis of 

the liver injury induced by hepatotoxin, chemical substances, and pharmacological agents 

(Winwood & Arthur, 1993). Activated Kupffer cells produce nitric oxide which result in 

oxidative stress through its interaction with ROS leading to the formation of peroxynitrite or 

it up-regulates the expression of pro-inflammatory cytokines or chemokines (Sass, Koerber, 

Bang, Guehring, & Tiegs, 2001). These inflammatory mediators directly regulate hepatocytes 

death or activate other cells such as hepatic stellate cells, sinusoidal endothelial cells as well 

as neutrophils. Kupffer cell activation by LPS is most important in Gal/LPS-induced acute 
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liver injury which is most widely used model for endotoxin-mediated hepatitis (Matsuo, 

Ukida, Nishikawa, Omori, & Tsuji, 1992).  

 

4. The anti-fibrotic role of Sestrin2 

 

4.1 Reactive oxygen species and TGF-β/Smad signaling 

It is well established that generation of reactive oxygen species (ROS) plays a key role in 

liver fibrosis. TGF-b is produced by HSC in response to exogenous ROS, and vise versa. 

Elevated ROS production and resulting oxidative stress are commonly detected in livers from 

patients as well as in most types of experimental liver fibrosis models (Amara et al., 2010; 

Carnesecchi et al., 2011; Rhyu et al., 2005). Moreover, antioxidant therapy improves hepatic 

fibrosis in rodents and may exert beneficial effects in patients with chronic liver diseases 

(Fogden & Neuberger, 2003; Hanje, Fortune, Song, Hill, & McClain, 2006; Verma & 

Thuluvath, 2007). However, little is known regarding the function of the antioxidant system in 

activated HSC. In addition, ROS may have regulating effects on TGF-β-induced Smad2/3 

activation. In cardiac fibroblasts, it was observed that TGF-β-induced phosphorylation of 

Smad2/3 was meaningfully inhibited by Nox4 gene silencing and by various antioxidant agents 

(Cucoranu et al., 2005). In addition to regulating phosphorylation of Smad, ROS may also 

modulate TGF-β signaling via Smad-independent mechanisms. In addition to Smad-transduced 

signals, TGF-β may activate other signaling pathways including the mitogen-activated protein 

kinase (MAPK) members JNK and p38 (Moustakas & Heldin, 2005). Of note, it is clear that 
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both JNK and p38 are redox sensitive, which can be activated by ROS in the cytoplasm (F. 

Jiang, Zhang, & Dusting, 2011). 

 

4.2 TGF-β signaling and liver fibrosis 

Liver fibrosis and cirrhosis are recognized as major causes of liver-disease-related morbidity 

and mortality worldwide with the potential to progress to liver failure (Wynn, 2007). Hepatic 

fibrosis results from chronic liver injury and inflammatory responses in conjunction with the 

accumulation of extracellular matrix (ECM) proteins, which eventually progresses to liver 

cirrhosis. Hepatic stellate cell (HSC) activation in response to liver injury is considered to be a 

key step in the liver fibrogenesis. Following liver injury, quiescent vitamin A storing HSC are 

converted into proliferative, fibrogenic, and contractile myofibroblasts with increased 

expression of smooth muscle actin (a-SMA) and biosynthesis of type I collagen. Thus, 

suppression of HSC activation is regarded as a principal target for the treatment of liver fibrosis. 

HSC activation is sophisticatedly orchestrated by a variety of signaling factors including 

cytokine, growth factors, and hormones. Among of them, TGF-β appears to be a key 

downstream mediator in liver fibrogenesis (Leask & Abraham, 2004). In HSCs, TGF-β is 

capable of triggering the transition to myofibroblast-like cells, stimulates the synthesis and 

contract ECM proteins. Strategies with the aim of disrupting TGF-β synthesis and/or its 

signaling pathways obviously attenuated experimental liver fibrogenesis (Branton & Kopp, 

1999; Tian, Neil, & Schiemann, 2011). TGF-beta exerts its biological functions mainly via its 

downstream molecular signaling pathways, Smads. Smads regulate the signals from the 

receptors for TGF-β superfamily members to the nucleus. Catalytically active TGF-β receptor 

phosphorylates serine residues of receptor-activated Smad2 and Smad3. They, forms a hetero-
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oligomers with Smad4 and translocated to the nucleus, where it initiates transcription TGF-β 

target genes.  

 

5. Identification of isorhamnetin as a Sestrin2 modulator  

 

5.1 Current therapeutics for liver diseases 

Various reasons, such as viral infection, alcohol, fatty liver, lead to hepatitis, fibrosis and 

cirrhosis in liver. Although several specific therapies for patients who have different liver 

diseases have been successfully developed, specific and effective therapy of liver diseases 

remains not easily found. Therefore, the development of more effective and efficient 

therapeutics for the liver diseases is much required.  

 

5.2 Isorhamnetin 

Water dropwort (Oenanthe javanica, Umbelliferae), an herbal medicine for the treatment of 

jaundice, hypertension, diabetes, and abdominal pain (Ma et al., 2010; J. C. Park, Young, Yu, 

& Lee, 1995) as well as for food, has been widely used in Asian countries. Isorhamentin is a 3’ 

O-methylated metabolite of quercetin and one of a major constituent of O. javanica. It has been 

known several pharmacological activities such as anti-oxidative and anti-proliferative effects 

(Pengfei, Tiansheng, Xianglin, & Jianguo, 2009; Teng, Lu, Wang, Tao, & Wei, 2006). 

Nevertheless, it is not elucidated in detail that in vivo effect of isorhamnetin and its molecular 

mechanisms explaining how isorhamnetin suppresses the liver disease. 
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Ⅱ. Aims of the study 

 

1. Sestrin2 protects against TLR-induced Acute Hepatitis via Down-

regulation of Pro-inflammatory Signaling 

2. Sestrin2 protects against CCl4 or BDL-induced Hepatic Fibrosis via 

Down-regulation of TGF-β/Smad signaling 

3. Identification of Isorhamnetin as a Sestrin2 Modulator and 

Therapeutic Function 
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Ⅲ. Materials & Methods 

 

1. Reagents and antibodies  

Antibodies against iNOS, PARP1/2, Nrf2, Zeb1, Lamin A/C, Tubulin and IkBa were 

provided by Santa Cruz Biotechnology (Santa Cruz, CA). Sesn2 antibody was obtained from 

Proteintech (Chicago, IL). PAI-1 and N-cadherin antibodies were obtained from BD (Becton, 

Dickinson and Company). Phospho-ERK1/2, ERK1/2, phospho-p38, p38, phospho-JNK1/2, 

JNK1/2, phospho-c-Jun, c-Jun, phospho-c-Fos, c-Fos, phospho-Smad2, Smad2, phospho-

Smad3, Smad3, Slug and caspage3 antibodies were obtained from Cell Signaling (Danvers, 

MA). Snail antibody was provided by Abcam. Horseradish peroxidase-conjugated goat anti-

rabbit and anti-mouse antibodies were purchased from Invitrogen (Carlsbad, CA). SB203580 

and SP600125 were purchased from Calbiochem (Billerica, MA). LPS (Escherichia coli 

055:B5), peptidoglycan, poly (I:C), loxoribine, flagellin, ODN 1826, dimethylsulfoxide 

(DMSO), sodium nitrite, galactosamine, and a-SMA, b-actin antibody were from Sigma 

Chemicals (St. Louis, MO). TGF-b was purchased from R&D Systems. 

 

2. Preparation of isorhamnetin  

O. javanica was purchased from a home farm located in Chungdo, Gyeongsangbukdo, 

Korea. The 10 kg of air-dried stems and leaves of O. javanica were extracted three times with 

MeOH and then concentrated (1.2 kg). The methanolic extract was suspended in water and 

partitioned successively with CHCl3 and n-BuOH. The n-BuOH fraction located onto a silica 
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gel column chromatography (15 × 80 cm, 70-230 mesh) was eluted with CHCl3, then with a 

gradient of CHCl3-MeOH. The fraction of CHCl3-MeOH (25:1) was concentrated to give a 

dark brown residue (23 g).  The obtained residue was further fractionated on silica gel 

column chromatography with a gradient of n-hexane-EtOAc [20:1 (5 L), 10:1 (3 L), 4:1 (3 L), 

1:1 (2 L), each fraction volume was 250 ml]. Fractions 35-40 from this column were combined 

and evaporated to give a isorhamnetin mixture (3 g), and then successively washed with 

diethylether for further purification. Finally we obtained 2 g of isorhamnetin. An ultra 

performance liquid chromatography (UPLC) system equipped with BEH C18 column (1.7 µm, 

2.1×100) and photodiode array detector (Waters ACQUITYTM, Milford, MA, USA) was used 

to evaluate the purity of purified isorhamnetin. The output signal of the detector was recorded 

using Empower Data System. The structures of the isolated isorhamnetin was confirmed on the 

basis of spectroscopic analyses including HPLC-ESI-MS (Agilent 6120 LC/MS system, 

Agilent Technologies, Palo Alto, CA) and NMR spectroscopy (data not shown), and verified 

by comparison with reported spectral data (Cao, Wei, & Ito, 2009). 1H- and 13C-NMR 

spectroscopy were carried out in a JEOL ECA-500 spectrometer (Tokyo, Japan) operating at 

500 MHz and 125 MHz, respectively. Solvent signals (DMSO) was used as the internal 

standard.  

 

3. Cell culture  

RAW264.7 cells (a murine macrophage cell line) and HepG2 cells were supplied by the 

American Type Culture Collection (ATCC). LX-2 cells (immortalized human activated HSCs) 

were kindly provided by Dr. S. L. Friedmann (Mount Sinai School of Medicine, New York, 

NY), and. Cells were maintained in DMEM containing 10% fetal bovine serum, 50 units/ml 
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penicillin/ streptomycin at 37°C in a humidified 5% CO2 atmosphere. 

 

4. Animals  

The protocols for the animal studies were approved by the Animal Care and Use Committee 

of Chosun University. Male ICR mice (6 wk old) were obtained from Oriental Bio (Sungnam, 

Korea) and acclimatized for 1 week. Mice (N=5/group) were housed at 20 ± 2°C with 12 h 

light/dark cycles and a relative humidity of 50 ± 5% under filtered, pathogen-free air, with food 

(Purina, Korea) and water available ad libitum. 

 

5. Adenovirus preparation  

For the generation of an adenoviral Sesn2 construct murine Sesn2 ORF was amplified by 

using attB-fused specific primers, and then inserted into pDONRTM221 entry plasmid by BP 

recombination reaction (Invitrogen, Carlsbad, CA). The recombinant adenovirus was 

constructed and generated by using pAD/CMV/V5-DEST gateway plasmid according to the 

manufacturer’s instructions (Invitrogen). The DNA sequences of recombinant adenovirus were 

verified by sequencing using the ABI7700 DNA cycle sequencer. Recombinant adenovirus for 

in vivo study was further purified by CsCl2 density gradient centrifugation. Virus titer was 

calculated from TCID50 method for in vitro study or optical intensity of 260 nm for in vivo 

study. Adenovirus which expresses LacZ (Ad-LacZ) was used as an infection control.  

 

6. G1al/LPS-induced hepatitis  

Acute hepatitis was induced by i.p. injection with 5 mg/kg LPS (Sigma-Aldrich) plus 700 
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mg/kg Gal (Sigma-Aldrich) and euthanized 8 h post-treatment. Adenovirus particles 

(1 × 109 pfu) suspended in PBS were injected in the tail vein 48 h prior to Gal/LPS injection. 

 

7. CCl4-induced hepatic fibrosis  

To induce liver fibrosis, CCl4 dissolved in olive oil (10%) was intraperitoneally injected 

(0.5mg/kg) into the mice three times per week for 2 wk. And, before the mice were sacrificed, 

mice were induced by i.p. injection with CCl4 for 24 h. Adenovirus particles (1 × 109 pfu) 

suspended in PBS were injected in the tail vein 48 h prior to first i.p. CCl4 injection and 

adenovirus were injected into the mice in every five days for 2 wk. 

 

8. BDL induced hepatitis  

Male ICR mice were bile duct ligated as described (Kountouras, Billing, & Scheuer, 1984).  

BDL causes cholestasis, periductular inflammation, and fibrosis. Adenovirus particles 

(1 × 109 pfu) suspended in PBS were injected in the tail vein 48 h prior to BDL and adenovirus 

were injected into the mice in every five days for 2 wk. 

 

9. Blood chemistry  

Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were analyzed 

using SpectrumÒ, an automatic blood chemistry analyzer (Abbott Laboratories, Abbott Park, 

IL). 
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10. Histopathology  

Samples from liver were separated and fixed in 10% neutral buffered formalin, then 

embedded in paraffin, sectioned (3-4 mm) and stained with hematoxylin and eosin (H&E) for 

general histopathology or Sirius red for collagen fibers (Tipoe et al., 2010). After that the 

histopathological profiles of each sample were observed under light microscope (Nikon, Tokyo, 

Japan).  

 

11. Establishment of a stable cell line expressing Sesn2 

pCMV-SESN2 construct was generated as previously described (Essler et al., 2009). 

RAW264.7 cells were transfected with the plasmid pCMV-Tag3A (MOCK) or pCMV-SESN2 

using Lipofectamine 2000, according to the manufacturer's instructions (Life Technologies). 

One day after transfection, cells were transferred to fresh DMEM medium containing 800 

µg/ml G418 (Invitrogen) (the medium was replaced every three days). Two weeks later, 

Trypsin-EDTA was added to plates and colonies of G418 resistant cells were isolated under an 

inverted light microscope and grown further. Sesn2 expression was confirmed by western 

blotting using c-myc antibody.  

  

12. Bone marrow-derived macrophage (BMDM) culture and differentiation  

For the BMDM cultures, bone marrow was isolated from the femurs and tibias of mice and 

cultured in minimum essential medium alpha (a-MEM) supplemented with 10% FBS. The cells 

were plated and cultured overnight in the presence of macrophage colony-stimulating factor 

(M-CSF, 10 ng/ml) (Peprotech, Rocky Hills, NJ). The non-adherent cells were collected and 
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cultured for 3 days in the presence of M-CSF. The floating cells were removed, and the 

adherent cells were used as BMDMs.  

 

13. Primary hepatocyte isolation  

Primary hepatocytes were isolated and cultured as described previously (Kay et al., 2010). 

Briefly, ICR micewere anesthetized with Zoletil (Virbac, France) and the portal vein was 

cannulated under aseptic conditions. The liver was perfused in situ with Ca 148 2+-free Hank's 

balanced saline solution (HBSS) at 37 °C for 5 min. Livers were then perfused for 20 min with 

HBSS containing 0.05% collagenase and Ca 150 2+ at a perfusion flow rate of 10 ml/min. 

After perfusion, the livers were minced gently with scissors and suspended with sterilized PBS. 

The cell suspension was then filtered through a cell strainer and centrifuged at 50 ×g for 5 min 

to separate parenchymal and nonparenchymal cells. Viability of isolated hepato-cytes 

estimated by trypan blue staining is usually 80–90%. Isolated hepatocytes were plated on 

collagen-coated plate and cultured in DMEM containing 50 units/ml penicillin/streptomycin 

with 10% FBS.  

 

14. HSC Isolation and Culture 

Livers are perfused using pronase/collagenase method and Primary hepatic stellate cells 

(HSC) were isolated using gradient centrifugation. HSCs were cultured on uncoated plastic 

tissue culture dishes in DMEM containing 50 units/ml penicillin/streptomycin with 10% FBS 

at 37°C in a humidified 5% CO2 atmosphere. 
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15. Recombinant Adenovirus Sesn2 Construct Infection 

 Cells were infected with adenovirus diluted in DMEM containing 10% FBS at a multiplicity 

of infection of 50 and incubated for 12 h. After removal of the viral suspension, cells were 

further incubated with DMEM containing 10% FBS for 2 days and then were treated with the 

indicated reagent. Ad-LacZ was used as an infection control. Efficiency of infection was 

consistently >90% with this method. 

 

16. MTT assay  

To measure cytotoxicity, cells were plated at in 96-well plates and treated chemicals for 12h or 

24h., and viable cells were stained with MTT (0.2 mg/ml, 4 h). The media were then removed, 

and formazan crystals produced in the wells were dissolved with the addition of 200 μl of 

dimethyl sulfoxide. Absorbance at 540 nm was measured using an enzyme-linked 

immunosorbent assay microplate reader (Versamax, Molecular Device, Sunnyvale, CA). Cell 

viability was defined relative to untreated control [i.e., viability (% control) = 100 × 

(absorbance of treated sample)/(absorbance of control)].  

 

17. Measurement of LDH level  

LDH release into the media was measured using an LDH kit (Cayman, Ann. Arbor, MI) 

according to instructor's manual. Briefly, samples were incubated for 30 min at room 

temperature with an assay buffer containing LDH diaphorase, lactic acid, NAD+, and 

tetrazolium salt. Absorbances were then read at 490 nm using microplate reader (SpectraMAX, 

Molecular Device). 
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18 Assay of nitrite production  

NO production was monitored by measuring nitrite content in culture medium as previously 

described (J. H. Yang et al., 2013). This was performed by mixing samples with Griess reagent 

(Sigma, St. Louis, MO) and a standard curve constructed using sodium nitrite (Sigma, St. Louis, 

MO). Absorbance at 548 nm was measured using an enzyme-linked immunosorbent assay 

microplate reader (Spectramax, Molecular Device) after incubation for 30 min. 

 

19 Immunoblot analysis  

Protein extraction and subcellular fractionation, SDS-polyacrylamide gel electrophoresis and 

immunoblot analyses were performed as previously described (Shin et al., 2012). Briefly, 

samples were separated by 7.5% or 12% gel electrophoresis and electrophoretically transferred 

to nitrocellulose paper. The nitrocellulose paper was incubated with the indicated primary 

antibody and then incubated with horseradish peroxidase-conjugated secondary antibody. 

Immunoreactive protein was visualized by ECL chemiluminescence (Amersham Biosciences, 

Buckinghamshire, UK). Equal protein loadings were verified using b-actin. 

 

20. siRNA knockdown experiment  

Cells were transfected with non-targeting control siRNA (100 pmol) or siRNA directed 

against Sesn2 (100 pmol) (ON-TARGETplus SMARTpool, Dharmacon Inc., Lafayette, CO) 

for 24 h using Lipofectamine 2000 according to the manufacturer's instructions. 
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21. RNA isolation and Real-time RT-PCR Analysis  

Total RNA was extracted using Trizol (Invitrogen, Carlsbad, CA) according to the 

manufacturer's instructions. To obtain cDNA, total RNA (2 µg) was reverse-transcribed using 

an oligo(dT)16 primer. The cDNA obtained was amplified using a high-capacity cDNA 

synthesis kit (Bioneer, Daejon, Korea) using a thermal cycler (Bio-Rad, Hercules, CA). Real-

time PCR was performed with STEP ONE (Applied Biosystems, Foster City, CA) using a 

SYBR green premix according to the manufacturer's instructions (Applied Biosystems). 

Primers were synthesized by Bioneer. The following primer sequences were used: mouse 

Sesn2 5'-TAGCCTGCAGCCTCACCTAT-3' (sense) and 5'-TATCTGATGCCAAAGACGCA-

3' (antisense); iNOS 5'-CCTCCTCCACCCTACCAAGT-3' (sense) and 5'-

CACCCAAAGTGCTTCAGTCA-3' (antisense); mouse TNF-a 5'- 

AAGCCTGTAGCCCACGTCGTA-3' (sense) and 5'-AGGTACAACCCATCGGCTGG-3' 

(antisense); mouse IL-1b 5'-TGGACGGACCCCAAAAGATG-3' (sense) and 5'- 

AGAAGGTGCTCATGTCCTCA-3' (antisense); mouse IL-6 5'- 

TCCATCCAGTTGCCTTCTTG-3' (sense)  and 5'-TTCCACGATTTCCCAGAGAAC-3' 

(antisense); mouse gp91phox 5'-CCAGTGAAGATGTGTTCAGCT-3' (sense) and 5'-

GCACAGCCAGTAGAAGTAGAT-3' (antisense); mouse p47phox 5'-

GTGGAGAAGAGCGAGAGCGG-3' (sense) and 5'-GGTGGATGCTCTGTGCGTTG-3' 

(antisense); mouse p22phox 5'-TTCCTGTTGTCGGTGCCTGC-3' (sense) and 5'-

TTCTTTCGGACCTCTGCGGG-3' (antisense); mouse a-SMA 5'-

TCCTCCCTGGAGAAGAGCTAC-3' (sense) and 5'-TATAGGTGGTTTCGTGGATGC-3' 

(antisense); mouse PAI-1 5'-GACACCCTCAGCATGTTCATC-3' (sense) and 5'-

AGGGTTGCACTAAACATGTCAG-3' (antisense); mouse Col 1A1 5'-
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ACCTGTGTGTTCCCTACTCA-3' (sense) and 5'-GACTGTTGCCTTCGCCTCTG-3' 

(antisense); human Sesn2 5'-CAAGCTCGGAATTAATGTGCC-3' (sense) and 5'-

CTCACACCATTAAGCATGGAG-3' (antisense); human a-SMA 5'-

CGCATCCTCATCCTCCCT-3' (sense) and 5'-GGCCGTGATCTCCTTCTG-3' (antisense); 

human PAI-1 5'-CGCCAGAGCAGGACGAA-3' (sense) and 5'-

CATCTGCATCCTGAAGTTCTCA-3' (antisense); human Col 1A1 5'-

CCTGGGTTTCAGAGACAACTTC-3' (sense) and 5'-TCCACATGCTTTATTCCAGCAATC-

3' (antisense); 18S 5'-GTAACCCGTTGAACCCCATT-3' (sense) and 5'-

CCATCCAATCGGTAGTAGCG-3' (antisense). Glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) or 18S was used as an endogenous control for RT-PCR.  

  

22. Luciferase assay  

To measure the luciferase activities of AP-1 or NF-kB, SESN2, SESN2(DSBE), SBE, 

MOCK- or SESN2-transfeced cells were re-plated in 24-well plates overnight, serum-starved 

for 6 h, and transiently transfected with AP-1, NF-kB, SESN2, SESN2(DSBE) or SBE 

luciferase plasmid and pRL-TK plasmid (a plasmid that encodes Renilla luciferase and used to 

normalize transfection efficacy) in the presence of Lipofectamine® Reagent (Invitrogen, San 

Diego, CA) for 3 h. Transfected cells were allowed to recover in DMEM for 3 h and then 

exposed to 1 mg/ml for 12 h. Firefly and Renilla luciferase activities in cell lysates were 

measured using the dual luciferase assay system (Promega) according to the manufacturer’s 

instructions. Relative luciferase activities were calculated by normalizing firefly luciferase 

activities versus that of Renilla luciferase.  
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23. Assay of ROS generation  

DCFH-DA is a cell-permeable, non-fluorescent probe that is cleaved by intracellular 

esterases and turns into highly fluorescent dichlorofluorescein upon reaction with H2O2. After 

chemical treatment, cells were stained with 10 mM DCFH-DA for 30 min at 37°C. H2O2 

generation was determined by measuring dichlorofluorescein using fluorescence microscope 

(Zeiss, Germany) or fluorescence microplate reader (Jemini, Molecular Device) at 

excitation/emission wavelengths of 485/530 nm. 

 

24. Enzyme-linked immunosorbent assay (ELISA)  

TNF-a, IL-1b and IL-6 ELISA kits were purchased from BD (Becton, Dickinson and 

Company). TNF-a, IL-1b and IL-6 contents in culture medium or serum were measured by 

ELISA using anti-mouse TNF-a, IL-1b or IL-6 antibodies and biotinylated secondary antibody 

according to the manufacturer’s instructions. 

 

25. Gel shift assay  

EMSA were performed as described previously (Jin et al., 2013). Double-stranded DNA 

probes for the consensus sequences of nuclear factor-kB (NF-kB, 5′-

AGTTGAGGGGACTTTCCCAGGC-3′) and activator protein-1 (AP-1, 5-CGCTTGATG 

AGTCAGCCGGAA-3) were used for gel shift analysis after end-labeling probes with [γ-

32P]ATP and T4 polynucleotide kinase. The reaction mixture contained 2 ml of 5× binding buffer 

(20% glycerol, 5 mM MgCl2, 250 mM NaCl, 2.5 mM EDTA, 2.5 mM dithiothreitol, 0.25 

mg/ml poly(dI-dC), and 50 mM Tris·Cl (pH 7.5)), 8 mg of nuclear extracts, and sterile water in 
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a total volume of 10 ml. Incubations were initiated by adding 1 ml of probe (106cpm) and 

continued for 20 min at room temperature. Samples were loaded onto 4% polyacrylamide gels 

at 100 V. Gels were then removed, fixed, and dried, and subjected to autoradiography.  

 

26. Determination of GSH content  

The GSH contents in the cells were quantified using a commercial GSH determination kit 

(BIOXYTECH GSH-400, Oxis International). Cells were plated onto 6-well dishes and 

chemical treatment. And then, scraped cellswere lysed in buffer containing 5% 

metaphosphoric acid to precipitate proteins. After being centrifuged at 10,000 × g for 10 min, 

the supernatants were used to measure GSH concentration. Absorbance at 400 nm was 

measured using a microplate reader (SpectraMAX, Molecular Device, Sunnyvale, CA). 

 

27. Statistical analysis 

One-way analysis of variance (ANOVA) was used to determine the significances of 

differences between treatment groups. The Newman-Keuls test was used to determine the 

significances of differences between multiple group means. Results are expressed as means ± 

SDs. 
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Ⅳ. Result 

 

Part Ⅰ: Sestrin2 protects against TLR-induced Acute Hepatitis via 

Down-regulation of Pro-inflammatory Signaling 

 

1. Protection of Ad-Sesn2 on Gal/LPS-induced Acute Hepatitis 

 

Bacterial endotoxin has been implicated in the pathogenesis of acute fulminant hepatitis 

through its up-regulation of the pro-inflammatory signaling (Antoniades, Berry, Wendon, & 

Vergani, 2008). To investigate the effect of Sens2 on Gal/LPS-induced liver injury, we used a 

recombinant adenovirus expressing LacZ (Ad-LacZ) or Sesn2 (Ad-Sesn2), which cause robust 

exogenous gene expression in liver (Fig 1A). ALT and AST serum levels were significantly 

increased 8 h after Gal/LPS treatment in Ad-LacZ infected mice. However, elevated levels of 

ALT and AST by Gal/LPS were markedly decreased by Ad-Sesn2 (Fig 1B). Gal/LPS treatment 

results in increased the percentages of degenerative hepatic regions and numbers of 

inflammatory cell infiltrated in Ad-LacZ. These changes were attenuated by Ad-Sesn2 infection 

(Fig 2, Table 1). Biochemical and histological analysis data strongly support the protective 

effect of Sesn2 against Gal/LPS-induced acute hepatitis. 
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Figure 1. Protection of Ad-Sesn2 on Gal/LPS-induced acute hepatitis 

 

A. Treatment schedule for Gal/LPS-induced acute hepatitis. Adenovirus particles 

(1 × 109 pfu) are infected via tail vein 48 h prior to injection with Gal (700 mg/kg)/LPS (5 

mg/kg). Mice were sacrificed 8 h after Gal/LPS treatment (upper). Sesn2 expression was 

confirmed by immunoblotting in liver homogenates of infected with adenovirus LacZ (Ad-

Lac) or Sesn2 (Ad-SESN2) (lower). B. The activities of ALT and AST were assayed by using 

an automated blood chemistry analyzer. All values were expressed as mean ± SD of 5 mice 

serum (significant as compared with vehicle control, **p<0.01; significant as compared with 

Gal/LPS alone, ##p < 0.01). 
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Figure 2. Inhibition of Gal/LPS-induced acute liver injury by Ad-Sesn2 

 

Representative histological profiles of the liver. Samples from liver were separated and fixed 

in 10% neutral buffered formalin, then embedded in paraffin, sectioned (3-4 μm) and stained 

with H&E for general histological observations (Scale bar = 120 μm). 
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2. Inhibition of Gal/LPS-mediated Inflammatory Gene Induction by Ad-Sesn2 

 

The cytokines including TNF-a has been recognized as an important regulator of the 

inflammatory response in animal models of fulminant hepatitis (Forman & Torres, 2002). TNF-

a, IL-1b and IFN-g-positive cells were increased in mice treated with Gal/LPS, but they were 

significantly attenuated by Ad-Sesn2. Moreover, Ad-Sesn2 decreased Gal/LPS-induced iNOS 

and COX-2 positive cells which produce nitric oxide (NO) and prostanoids, respectively (Fig 

3A and B). Consistently, Gal/LPS-mediated TNF-a, IL-6, and IL-1b mRNA  induction in liver 

tissue was suppressed by Ad-Sesn2 injection (Fig 4A). In addition, Ad-Sesn2 blocked the 

production of TNF-α, IL-6, and IL-1b  in the plasma of mice challenged with Gal/LPS (Fig 4B). 

Furthermore, the antagonistic role of Sesn2 on Gal/LPS-induced iNOS expression is verified in 

mice (Fig 4C).These data demonstrate that Ad-Sesn2 inhibits Gal/LPS-induced inflammatory 

response during liver injury.  
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Figure 3. Representative immunohistochemistrical images 

 

A, TNF-a, IL-1b and IFN-g, iNOS and COX2 immunohistochemical staining of liver from 

mice treated with Gal/LPS or vehicle 48 h followed by adenovirus LacZ (Ad-LacZ) or 

adenovirus Sesn2 (Ad-SESN2) infection (Scale bar = 120 mm). B, The number of 

immunoreactive (positively stained) cells per/mm2 was counted in liver. All values were 

expressed as mean ± SD of 5 mice liver (significant as compared with vehicle control, 

**p<0.01; significant as compared with Gal/LPS alone, ##p < 0.01).  
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Figure 4. Inhibition of Gal/LPS-mediated inflammatory gene induction by Ad-Sesn2 

 

A. RT-PCR analysis. The transcript levels of TNF-a, IL-6, and IL-1b were assessed by Real-

time RT-PCR analysis. B. ELISA. TNF-a, IL-6, and IL-1b release into serum was determined 

by ELISA. C. The effect of Sesn2 on Gal/LPS-induced iNOS expression. Results are presented 

as means ± SD; **p<0.01; significant as compared with Gal/LPS alone, ##p < 0.01. 
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3. Inhibitory Role of Sesn2 on NO Production and iNOS expression 

 

First, we generated a stable RAW264.7 cell line expressing Sesn2 to explore the effect of 

Sesn2 on TLR ligand (TLRL)-induced inflammatory response and the molecular mechanism 

involved. The expression of Sesn2 was confirmed by immunoblotting with c-myc or Sesn2 

antibody (Fig. 5A). Although Sesn2 has previously been shown to be induced by various 

stimuli, Sesn2 is basally expressed weakly in macrophages. Indeed, long exposure of the 

western blot was required for detection of the Sesn2 protein in macrophages.  

We found that LPS increased NO production in mock-transfected RAW264.7 cells (MOCK) 

as it did in RAW264.7 cells. In subsequent experiments, we examined whether Sesn2 

expression affected LPS-induced NO production. Whereas NO production was elevated in 

MOCK cells by LPS, Sesn2 expression almost completely blocked the ability of LPS to induce 

NO production (Fig. 5B).  

We next examined whether this lack of NO production by LPS was due to diminished iNOS 

expression in Sesn2 expressing cells. Sesn2 expression was found to prevent the induction of 

iNOS expression by LPS (Fig. 5C). Furthermore, RT-PCR revealed that LPS enhanced iNOS 

expression in MOCK cells but not in cells expressing Sesn2 (Fig. 5D).  

To confirm the regulatory role of Sesn2 on NO production and iNOS expression, we 

measured NO production and iNOS expression after Sesn2 knockdown by Sesn2 siRNA. 

Sesn2 knockdown significantly increased LPS-induced NO production and iNOS expression 

compare to control siRNA (Fig. 5E and F). The knockdown of Sesn2 was confirmed by 

immunoblotting (Fig. 5F). Furthermore, we found that Sesn2 expression was markedly 

induced by LPS treatment (Fig. 5F). Further studies are needed to understand the molecular 
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mechanism and the physiological role of LPS-induced Sesn2 expression. In addition, the 

inhibitory role of Sesn2 on LPS-induced iNOS expression is confirmed by recombinant 

adenovirus Sesn2 (Ad-Sesn2) in RAW264.7 cells and bone marrow-derived macrophage 

(BMDM) (Fig. 5G and H). These observations suggest that Sesn2 might inhibit LPS-induced 

inflammatory responses. 
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Figure 5. Inhibition of iNOS expression and NO production by Sesn2 in LPS-activated 

macrophages 

 

A. Establishment of a stable cell line expressing Sesn2. Sesn2 expression was confirmed by 

immunoblotting in the cell lysates of pCMV-Tag3A-transfected RAW264.7 cells (MOCK) or 

pCMV-SESN2-transfected RAW264.7 cells (SESN2) with anti-c-myc or anti-Sesn2 antibodies. 

(S.E., short exposure; L.E., long exposure) B. NO production. NO concentrations in culture 

media treated with LPS (0.3 or 1 mg/ml) for 12 h were determined using Griess reagent. C. The 

effect of Sesn2 on LPS-induced iNOS expression. Cells were treated with 0.3 or 1 mg/ml LPS 

for 12 h. iNOS protein levels were determined by immunoblotting. D. RT-PCR analysis. Cells 

were treated with 1 mg/ml LPS for 3 h. iNOS transcript levels were analyzed by RT-PCR, 

using GAPDH as the internal control. E. Role of Sesn2 knockdown in LPS-stimulated NO 

production. NO concentrations in culture media treated with LPS (0.3 or 1 mg/ml) for 12 h 

were determined using Griess reagent. F. Effect of Sesn2 knockdown on iNOS induction by 

LPS. RAW264.7 cells were transfected with control (CON) siRNA or Sesn2 siRNA for 24 h, 

and then treated with LPS (0.3 or 1 mg/ml) for 12 h. S.E., short exposure; L.E., long exposure. 

G. Role of adenovirus Sesn2 (Ad-SESN2) on iNOS induction by LPS in RAW264.7 cells 

(RAW). H. Effect of Ad-Sesn2 on iNOS induction by LPS in bone marrow derived 

macrophages (BMDM). Results are presented as the means ± SDs of three replicates; 

**P<0.01 = significant versus vehicle-treated controls. 
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4. Inhibition of LPS-inducible Inflammatory Cytokines by Sesn2 

 

Next, we verified the effect of Sesn2 on pro-inflammatory cytokines such as TNF-a, IL-6, 

and IL-1b. First we assessed the expression of TNF-a, IL-6, and IL-1b by Real-time RT-PCR 

analysis. LPS markedly induced TNF-a, IL-6, and IL-1b in MOCK-transfected cells, but not 

in RAW264.7 cells stably expressing Sesn2 (Fig. 6A). Next, release of cytokines into media 

was analyzed by ELISA in cells treated with LPS (0.3-1 mg/ml). Treatment of the MOCK-

transfected cells with LPS substantially increased cytokine production, but as was observed for 

inflammatory gene expression, Sesn2 inhibited the release of cytokines by LPS (Fig. 6B). 
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Figure 6. Inhibition of LPS-inducible inflammatory cytokines by Sesn2 

 

A. RT-PCR analysis. The transcript levels of TNF-a, IL-6, and IL-1b were assessed by Real-

time RT-PCR analysis. Cells were treated with 0.3 or 1 mg/ml LPS for 3 h. B. ELISA. TNF-a, 

IL-6, and IL-1b release into culture media was determined by ELISA. Results are presented as 

means ± SDs of three replicates; **P<0.01 = significant versus vehicle-treated controls. 
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5. Protective Role of Sesn2 on LPS-induced Oxidative Stress and Cell Death 

 

ROS and reactive nitrogen species (RNS) production is stimulated by LPS in RAW 264.7 

cells, and leads to cell death (Sanlioglu et al., 2001), and thus, we examined the effect of Sesn2 

on the cytotoxicity elicited by LPS. Cell viability and plasma membrane permeability were 

assessed colorimetrically by MTT and by LDH release, respectively. Cells treated with LPS 

increased cell death in MOCK cells, whereas cells expressing Sesn2 significantly blocked cell 

death as measured by the MTT assay (Fig. 7A). Cytotoxicity was confirmed by quantifying the 

LDH released from the cytosol of damaged cells. MOCK cells treated with LPS significantly 

released LDH to medium, whereas Sesn2 transfected RAW264.7 cells did not (Fig. 7B). In 

addition, MOCK cells treated with LPS showed obvious increases in apoptosis markers, such 

as, PARP and caspase3, whereas Sesn2-transfected cells did not (Fig. 7C). Next, we examined 

whether Sesn2 affected LPS-induced ROS production. LPS increased ROS production, as 

shown by fluorescence microscopy or microplate reader, in MOCK cells, while Sesn2 almost 

completely prevented this increase in ROS (Fig. 8A upper and lower). To investigate whether 

the anti-oxidant effect of Sesn2 was caused by reduction of NADPH oxidase expression, the 

mRNA levels of NADPH oxidase components (gp91phox, p47phox, p22phox) were examined by 

carrying out Real-time RT-PCR. LPS significantly induced the mRNA levels of gp91phox, 

p47phox, p22phox in MOCK-transfected cells, but not in RAW264.7 cells stably expressing Sesn2 

(Fig. 8B). These results indicate that Sesn2 has a cytoprotective effect against LPS-induced 

ROS production and cell death through inhibition of NOX in macrophages. 
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Figure 7. Protective role of Sesn2 on LPS-induced cell death 

 

A. Effect of Sesn2 on LPS-induced cytotoxicity. Cells were treated with 0.3-1 mg/ml LPS for 

24 h. Cell viabilities were assessed using an MTT assay. B. LDH assay. C. Sesn2 inhibited 

PARP1/2 reduction and caspase-3 cleavage by LPS. Cells were treated with 1 mg/ml LPS for 

12 h. Precursor PARP and cleaved caspase-3 protein levels were immunoblotted in cell lysates. 

Results represent the means ± SDs of three replicates; * P <0.05, **P<0.01 = significant versus 

vehicle-treated controls. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 מג

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 מד

 

 

Figure 8. Protective role of Sesn2 on LPS-induced oxidative stress 

 

A. The effect of Sesn2 on LPS-induced ROS production. Cells were stained with 10 mM 

DCFH-DA for 30 min at 37°C. H2O2 generation was determined by fluorescence microscopy 

(200X) (upper). Intracellular fluorescence intensities were measured using a fluorescence 

micro-plate reader (lower). B. The effect of Sesn2 on LPS-induced NOX expression. The 

transcript levels of gp91phox, p47phox, p22phox were assessed by Real-time RT-PCR analysis. 

Cells were treated with 0.3 or 1 mg/ml LPS for 3 h. Results represent the means ± SDs of three 

replicates; * P <0.05, **P<0.01 = significant versus vehicle-treated controls. 
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6. Specific Inhibition of LPS-inducible AP-1 activation by Sesn2 

 

AP-1 and NF-kB are critical redox-sensitive transcription factors and interact with the 

upstream regions of inflammatory genes (de Vera et al., 1996). Both are activated in cells 

treated with LPS or subjected to other inflammatory stimuli and then regulate the 

transcriptional activations of inflammatory genes. To determine whether iNOS induction by 

LPS is accompanied by the activations of transcription factors, we first carried out gel shift 

assays. Treatment of MOCK cells with LPS resulted in increases in the band intensities of AP-

1 DNA binding (Fig. 9A upper). However, Sesn2 expression completely abolished the 

formation of AP-1 DNA complex. Interestingly, the band intensity of NF-kB DNA binding 

complex by LPS was unaffected by Sesn2 expression (Fig. 9A lower). Immunocompetition 

assays using anti-c-Jun or anti-p65 antibody confirmed the specificity of AP-1 and NF-kB 

DNA binding (data not shown).  

To confirm the role of Sesn2 in the activations of AP-1 and NF-kB, we carried out reporter 

gene analysis. LPS caused an increase in AP-1 luciferase activity in MOCK cells (Fig. 9B 

upper), whereas Sesn2 completely inhibited the ability of LPS to induce luciferase expression. 

In-line with our gel shift assay results, Sesn2 did not inhibit LPS-induced NF-kB luciferase 

activities (Fig. 9B lower) or IkB degradation (Fig. 9C). These data indicate Sesn2 specifically 

regulates AP-1 activation, but not NF-kB, in response to LPS, and that it inhibits inflammatory 

gene expression. 
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Figure 9. Specific inhibition of LPS-inducible AP-1 activation by Sesn2 

 

A. EMSA. Cells were incubated with 1 mg/ml LPS for 1, 3 and 6 h, and nuclear extracts 

(protein content 8 μg) were incubated with a consensus AP-1 and NF-kB oligonucleotide both 

end labeled with [γ-32P]ATP. Results were confirmed by repeating experiments. B. Inhibition 

of AP-1 luciferase activity by Sesn2. Cells were transfected with an AP-1 or NF-kB luciferase 

construct. Transfected cells were treated with LPS (0.3 or 1 mg/ml) for 12 h. C. The effect of 

Sesn2 on IkB degradation by LPS. Immunoblotting for IkB degradation. Cells were treated 

with LPS (0.3 and 1 mg/ml) for 30 min. Total IkB levels were determined by immunoblotting 

cell lysates. Results were confirmed by repeating experiments. Results represent the means ± 

SDs of three replicates; *P<0.05, **P<0.01 = significant versus vehicle-treated controls. 
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7. Role of Sesn2 in JNK or p38 dependent c-Jun Phosphorylation 

 

AP-1 is a combination of Jun, Fos or activating transcription factor (ATF) and primarily 

acts as a heterodimer of Jun and Fos (Barnes & Karin, 1997). To investigate the inhibitory role 

of Sesn2 on LPS-induced AP-1 activation, we performed immunoblot analysis. LPS increased 

the phosphorylation of c-Jun in the lysates of MOCK cells but not in those of Sesn2 

transfected cells, whereas LPS-induced c-Fos phosphorylation was unaffected by Sesn2 

expression, indicating that Sesn2 specifically regulates c-Jun phosphorylation in response to 

LPS (Fig. 10A).  

It has been well established that c-Jun activities are regulated by MAPKs, and primarily by 

JNK (Morton, Davis, McLaren, & Cohen, 2003). To determine which MAPK is a key player in 

the Sesn2-mediated inhibition of c-Jun phosphorylation, we examined the phosphorylations of 

extracellular-regulated protein kinases 1 and 2 (ERK1/2), p38 MAPK, and JNK. The 

phosphorylation of ERK1/2, p38, and JNK were dramatically increased in response to LPS in 

naïve control cells, whereas JNK phosphorylation, was markedly suppressed in Sesn2 

transfected cells (Fig. 10B). Moreover, phosphorylation of p38 was also suppressed by the 

Sesn2 expression, albeit to a lesser extent than JNK (Fig 10B and C). These data suggest that 

the inhibitory effect of Sesn2 on AP-1 activation involves the selective JNK or p38 inhibition. 
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Figure 10. Effect of Sesn2 in JNK dependent c-Jun phosphorylation 

 

A. Effect of Sesn2 on LPS-induced c-Jun phosphorylation in RAW264.7 cells. Cells were 

treated with LPS (1 mg/ml) for 1 or 2 h, and cell lysates were immunoblotted for examining c-

Jun and c-Fos phosphorylation. Results were confirmed by repeated experiments. B. Effect of 

Sesn2 on LPS-induced phosphorylations of MAPKs. Cells were treated with LPS (1 mg/ml) for 

30 min or 1 h, and cell lysates were immunoblotted. Results were confirmed by repeated 

experiments. C. Densitometric quantification of western blots shown in B. Results represent 

the means ± SDs of three replicates; *P<0.05, **P<0.01 = significant versus vehicle-treated 

controls. 
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8. Role of Sesn2 in TLR Ligands Induced-NO Production 

 

Additional experiments were performed to investigate the effect of Sesn2 on NO production 

and iNOS expression activated by other TLRs as well as TLR4. Treatment of naïve cells with 

TLRLs, that is, peptidoglycan (TLR2 ligand), poly (I:C) (TLR3 ligand), LPS (TLR4 ligand), 

flagellin (TLR5 ligand), loxoribine (TLR7/8 ligand), or ODN (TLR9 ligand), all showed 

elevated NO production and iNOS expression, however Sesn2 transfected cells showed no 

increase in NO production and iNOS expression (Fig. 11A and B). Our results suggest that 

Sesn2 protects TLR ligand-induced proinflammatory gene expression.  
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Figure 11. Effect of Sesn2 in TLR ligands Induced-NO production 

 

A. NO production. Cells were treated with peptidoglycan (30 mg/ml), poly (I:C) (50 mg/ml), 

LPS (1 mg/ml), loxoribine (500 mM), FLA-ST (FLA, 1 mg/ml), or ODN 1826 (1 mM) for 12 h 

and NO levels were determined using Griess reagent. Results represent the means ± SDs of 

three replicates; **P<0.01 = significant versus vehicle-treated control. B. iNOS expression. 

Cells were treated with TLR ligands for 12 h and cell lysates were immunoblotted. Results 

were confirmed by repeated experiments. (Mock-M, SESN2-S) 
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Figure 12. Role of Sestrin2 in the regulation of pro-inflammatory signaling  
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9. Discussion 

 

Kupffer cells, resident macrophages in liver, produce and release ROS and RNS during 

phagocytosis and these species play important roles in inflammatory response as essential 

components of innate immune response against intracellular bacteria. However, excessive ROS 

accumulation in cells damages Kupffer cells and adjacent tissues, and these contribute to the 

pathogeneses of hepatic inflammatory diseases. Cells are protected from ROS by a 

sophisticated antioxidant defense system. Oxidative stress can also cause the apoptosis of 

macrophages, although the molecular mechanisms involved have not been well defined 

(Forman & Torres, 2002).  

In the current study, we first found that Sesn2 protects endotoxin-induced acute fulminant 

hepatitis in mice using adenovirus expressing Sesn2 (Ad-Sesn2) (Fig. 1). Sesn2 inhibits liver 

injury induced by Gal/LPS and efficaciously suppressed inflammatory cytokines and 

mediators. Moreover, we identified the regulatory role of Sesn2 in pro-inflammatory and 

apoptosis signaling in TLRL-activated macrophages. Macrophages transfected with Sesn2 

inhibited the effects of TLRs-induced inflammatory mediators and cytokines. These results 

were confirmed using Sens2 siRNA. Furthermore, Sesn2 prevented LPS-induced cell death by 

inhibiting ROS production (Fig. 7 and 8). Several reports have shown NADPH oxidase (NOX) 

complex is a major source of intracellular ROS generation in macrophages (Forman & Torres, 

2002), and that NOX can be activated by TLRs (Kawai & Akira, 2007). The effect of LPS on 

macrophage cell death has been extensively studied and diverse molecular mechanisms are 

involved in its regulation. Especially, LPS-mediated TNF-a and NO production mainly 

contribute to macrophage cell death (Xaus et al., 2000). Moreover, LPS-induced ROS 
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production through activation of NADPH oxidase also results in apoptosis of macrophages (F. 

Jiang et al., 2011).We found here that LPS markedly induced the mRNA levels of gp91phox, 

p47phox, and p22phox in MOCK cells, but not in RAW264.7 cells stably expressing Sesn2 (Fig. 

8B). These results indicate that Sesn2 inhibited LPS-induced cell death through inhibition of 

inflammatory mediators and/or ROS production. 

The expressions of inflammatory genes are mainly regulated by transcription factors, such 

as, NF-kB and AP-1. Furthermore, NF-κB and AP-1 are essential transcription factors of many 

genes related to the regulation of inflammatory response (Aggarwal, Shishodia, Sandur, 

Pandey, & Sethi, 2006; Caamano & Hunter, 2002), and are regarded as redox-sensitive 

transcription factors (Surh, Kundu, Na, & Lee, 2005). AP-1 (dimeric basic region leucine 

zipper (bZIP) protein) is a transcription factor composed of homodimers or heterodimers of 

Jun, ATF, MAF, or Fos (Vesely, Staber, Hoefler, & Kenner, 2009). Of AP-1 family members, c-

Jun is considered to play fundamental roles in inflammatory response. AP-1 activation is 

usually regulated by MAPKs. Especially, it is well known that the phosphorylation of c-Jun by 

JNK and p38 MAPK increases the transcriptional activities of AP-1 complexes. The JNK and 

p38 MAPK pathway is activated mainly by inflammatory cytokines and various environmental 

stresses (Keshet & Seger, 2010; Raingeaud et al., 1995). After activation, JNK and p38 MAPK 

regulates the expressions of proinflammatory genes via an array of transcription factors, such 

as, AP-1, ATF-2, and Smad (Gupta, Campbell, Derijard, & Davis, 1995; Hayes, Huang, 

Kambhampati, Platanias, & Bergan, 2003; Zarubin & Han, 2005; Zhang, Feng, & Derynck, 

1998). In the current study, we found that JNK phosphorylation was almost completely 

blocked in Sesn2 expressing macrophages (Fig. 10B). Furthermore, phosphorylation of p38 

MAPK was also suppressed by the Sesn2 expression, albeit to a lesser extent than JNK (Fig 
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10B and C). Reduced JNK or p38 MAPK activation by Sesn2 resulted in reduced c-Jun 

phosphorylation, whereas the phosphorylation of c-Fos was unaffected by Sesn2 (Fig. 10A). 

However, Sesn2 failed to inhibit LPS-induced NF-kB activation (Fig. 9), showing that 

selective inhibition of the MAPK/c-Jun pathway by Sesn2 is responsible for the suppressions 

of proinflammatory genes.  

TLRs are expressed in macrophages, and play important roles in macrophage activation and 

defense against pathogens. In mammalian cells, TLR4 was first cloned as a homologue of 

dToll, to which TLR4 ligand (LPS) binds (Medzhitov, Preston-Hurlburt, & Janeway, 1997). 

Subsequently, other human TLRs were identified and characterized. Certain TLR ligands, such 

as, peptidoglycan, double-stranded RNA, flagellin, loxoribine, and bacterial CpG DNA, 

activate TLR2/6, TLR3, TLR5, TLR7/8, and TLR9, respectively (Barton & Medzhitov, 2003). 

TLR-ligand binding causes the activation of signal transduction pathways through the central 

adaptor proteins MyD88 and/or TRIF, and results in the downstream activations of NF-kB and 

AP-1. In the present study, all TLRLs induced NO production and iNOS expression in 

treatment naïve macrophages, and Sesn2 expression almost completely prevented LPS-induced 

inflammatory responses (Fig 11).  

In summary, the study shows that Sesn2 antagonizes TLRs-mediated pro-inflammatory 

signaling and cell death in vivo and in vitro, and that Sesn2 specifically inhibits the TLRL-

induced JNK, p38 MAPK and AP-1 pathway (Fig. 12). The results of this study provide 

insight of the roles of Sesn2 in innate immunity and inflammatory responses.  
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Part Ⅱ: Sestrin2 protects against CCl4/BDL-induced Hepatic Fibrosis via 

Down-regulation of TGF-β/Smad signaling 

 

1. Induction of Sesn2 gene expression in activated HSC 

 

First, Sesn2 gene expression during HSC activation in primary cultured HSC. Quiescent HSCs 

on day 0 exhibited the weak expression of Sesn2. After cultivation, the expression level of 

Sesn2 markedly increased, whereas the levels of a-SMA, the transdifferentiation marker, 

increased (Fig 13A). RT-PCR was carried out to determine whether the induction of Sesn2 

during HSC activation was due to increased transcription. The results showed that Sesn2 

mRNA levels were significantly increased by HSC activation (Fig. 13B). Treatment of LX-2 

cells (immortalized HSC line) with TGF-b up-regulated Sesn2 expression in a dose-dependent 

manner and expression level peaked at 2-5 ng/ml of TGF-b (Fig 13C). We determined the time 

course of Sesn2 expression in response to TGF-b 2 ng/ml) and it was increased after 1-12 h of 

TGF-b treatment (Fig 13D).  
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Figure 13. Sestrin2 (Sesn2) up-regulation during HSC activation  

 

A. Sesn2 induction in HSCs. Primary HSCs were cultured in a growth medium for 3 or 7 

days, and the cell lysates (20 μg each) were subjected to immunoblotting. The expression 

levels of Sesn2 were determined in the lysates of primary quiescent or activated HSC. The 

expression of HSC activation marker a-SMA and loading control b-actin was determined by 

Western blot analysis as indicated. Ponceau-S (Ponceau) staining of the Western blots was 

also used as the loading control. B. Real-time PCR assays. The data are the means and 

standard errors of at least three separate experiments (significantly different versus day 0: **P 

< 0.01). C. The effect of TGF-b treatment on Sesn2 induction. LX-2 cells were treated with 

0.5-5 ng/ml TGF-b for 12 h. Sesn2 protein levels in cell lysates were measured by 

immunoblotting. D. Sesn2 expression was determined in cells treated with TGF-b (2 ng/ml) 

for 1-12 h. 
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2. Transcriptional Regulation of Sesn2 gene Expression in Activated HSC  

 

Quantitative Real-time RT-PCR analyses showed clear upregulation of Sesn2 transcription in 

TGF-b treated HSC. Sesn2 reporter gene assays were performed in HSC transfected with a 

construct containing the Sesn2 promoter region from -1129 to +192 bp. Exposure of the 

transfected cells to TGF-b significantly increased luciferase activity of pGL4-phSESN2 (Fig. 

14A). LX-2 cells were preincubated with the transcription inhibitor actinomycin-D (ActD) for 

30 min before adding the TGF-b or vehicle, and then the levels of Sesn2 protein and mRNA 

were measured. Pretreatment of Actinomycin-D completely blocked the increase in Sesn2 

protein and mRNA levels induced by TGF-b (Fig. 14C). These data suggest that the up-

regulated Sesn2 by TGF-b was due to increased transcription. 
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Figure 14. Transcriptional regulation of Sesn2 expression in HSC 

 

A. Increase in Sesn2 transactivation by TGF-b Sesn2 luciferase assays were performed on the 

lysates of cells exposed 2 ng/ml of TGF-b in LX-2 cells. B. Real-time RT-PCR analysis. LX-2 

cells were treated with TGF-b for 3-6 h. The transcripts of Sesn2 were analyzed by real-time 

RT-PCR assays, with the mRNA level of GAPDH used as a normalizing reference. C. The 

effect of actinomycin D (ActD) on the Sesn2 induction by TGF-b in LX-2 cells. The cells were 

treated with ActD in the presence and absence of TGF-b. The relative level of Sesn2 protein 

(left) and mRNA (right) were monitored after 12 h and 3 h TGF-b treatment, respectively. 

Data represent the mean ± SD of three separate experiments; the statistical significance of 

differences between each treatment group and the control (**P < 0.01); significant as 

compared with ActD alone, ##p < 0.01).  
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3. Role of Smad Activation on the Sesn2 up-regulation by TGF-b 

 

TGF-b plays a variety of cellular functions mainly through its downstream signaling Smad 

pathway (Felici et al., 2003). To verify the functional role of Smad in TGF-b-mediated Sesn2 

induction, we first transfected cells with a plasmid that expresses Smad3 and a luciferase 

reporter gene. Expression of Smad3 increased the levels of Sesn2 luciferase activity (Fig. 

15A). In the positive control, Smad3 expression enhanced smad binding element (SBE)-

dependent luciferase activity (SBE-Luc). To identify putative SBEs in the Sesn2 promoter, we 

examined the human Sesn2 genomic locus in detail. The SBE [5’- CAGACA-3’] is a cis-acting 

element governing the regulation of many fibrogenic genes (Chen, Yuan, Lo, Trojanowska, & 

Varga, 2000), and detailed in silico analysis of the human Sesn2 genomic locus revealed one 

potential SBE sequence in the human Sesn2 promoter. This SBE sequence is located in the 

proximal promoter region, from approximately −964 to −956 bp. To examine the functional 

role of SBE in Sesn2 gene induction, we deleted the putative SBE in the Sesn2 promoter. A 

specific disruption of the SBE in the promoter region of the Sesn2 gene significantly decreased 

the ability of TGF-b or Smad3 over-expression to increase luciferase-reporter activity (Fig. 

15B). These observations indicate that SBE in Sesn2 promoter is functional and that it is 

involved in Smad-dependent regulation of the Sesn2.  

In addition to Smad-transduced signals, TGF-β may activate other signaling pathways 

including the MAPK members JNK and p38 (Moustakas & Heldin, 2005). Interestingly, 

experimental evidence has demonstrated that JNK and p38 may in turn enhance the 

transcriptional Smad proteins activities by direct Smad3 phosphorylation or indirectly by 
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promoting Smad3 association with the transcriptional co-activator p300 (Moustakas & Heldin, 

2005). Therefore, to explore whether MAPK are involved in TGF-b-mediated Sesn2 induction, 

we examined the effects of MAPK inhibitor on TGF-b-mediated Sesn2 induction. TGF-b-

induced Sesn2 protein expression was significantly decreased by p38 inhibitor (Fig. 16A). 

These results suggest that Sesn2 induction is in part regulated by P38 in the HSC stimulated 

with TGF-b. 
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Figure 15. Smad-dependent stimulation of Sesn2 gene expression in HSC 

 

A and B. Smad-dependent regulation of Sesn2 expression. Sesn2-luciferase activation was 

determined in the lysates of LX-2 cells transfected with a Smad3 expression construct and 

Sesn2 (pGL4-phSESN2) (A) or Smad-dependent luciferase (SBE-Luc) reporter for 24 h (B). C 

and D. Effects of deletion mutation of putative SBE on the induction of luciferase activity. LX-

2 cells were transfected with a Smad3 expression construct and pGL4-phSESN2or pGL3-

phSESN2-DSBE (C). LX-2 cells were transfected with pGL4-phSESN2or pGL3-phSESN2-

DSBE. Then, dual luciferase reporter assays were performed on the lysates of cells exposed to 2 

ng/ml of TGF-b (D). Data represent the mean ± SD of four separate experiments; the statistical 

significance of differences between each treatment group and the control (**P < 0.01). 

 

 

 

 

 

 

 

 

 

 

 



 סח

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 סט

 

 

Fig.16. Association of MAPK with TGF-b-induced Sesn2 expression 

 

A. LX-2 cells were exposed to TGF-b (2 ng/ml) for 12 h after preincubated in the absence or 

presence of 10mM ERK inhibitor, 10 mM JNK inhibitor or 10mM p38 inhibitor, and then the 

expression level of Sesn2 protein was analyzed. B.LX-2 cells were preincubated in the absence 

or presence of 10mM p38 inhibitor for 30 min and then were treated with 2 ng/ml of TGF-b for 

30min. And the expression level of Smad3 phospholyation protein was analyzed. The result is 

representative of three independent experiments. 
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4. Redox regulation of TGF-b-mediated Sesn2 induction 

 

TGF-b increases reactive oxygen species (ROS) production in HSC. This increased level of 

ROS, in turn, leads to increased production of ECM proteins (Barcellos-Hoff & Dix, 1996; 

Leonarduzzi et al., 1997). The intracellular ROS level was increased following TGF-b 

stimulation of HSC, but such ROS production diminished in the cells that had been pretreated 

with antioxidant Mn-TBAP (Fig. 17B). To explore whether ROS are involved in TGF-b-

mediated Sesn2 induction, we examined the effects of antioxidants Mn-TBAP on TGF-b-

mediated Sesn2 induction. TGF-b-induced Sesn2 protein expression was significantly 

decreased by Mn-TBAP (Fig. 17C). These results suggest that Sesn2 induction is in part 

regulated by ROS produced in the HSC stimulated with TGF-b. 
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Figure 17. Involvement of ROS in TGF-b-mediated Sesn2 induction 

 

A. MTT assay. LX-2 cells were preincubated in the absence or presence of 5-20 mM Mn-

TBAP for 30 min and then were treated with 2 ng/ml of TGF-b for 24h. B. LX-2 cells were 

preincubated in the absence or presence of 10 or 20 mM Mn-TBAP for 30 min. After treated 

with 2 ng/ml of TGF-b for 24h, cells were stained with 10 mM DCFH-DA for 30 min at 37°C. 

H2O2 generation was determined by using a fluorescence microplate reader. Results represent 

the means ± SDs of three replicates; **P<0.01 = significant versus vehicle-treated controls. 

##P < 0.01, significant versus TGF-b alone. C. LX-2 cells were exposed to TGF-b (2 ng/ml) 

for 12 h after pretreatment with 10mM Mn-TBAP or alone, and then the expression level of 

Sesn2 protein was analyzed. The result is representative of three independent experiments. 
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5. Inhibitory Role of Sesn2 on fibrogenic gene expression 

 

Next, we explored the role of Sesn2 on TGF-b-induced fibrogenic gene expression. The 

exposure of LX-2 cells to TGF-b increased Plasminogen activator inhibitor-1 (PAI-1) and a-

SMA in the MOCK transfected cells, and this was abolished by forced Sesn2 overexpression 

(Fig. 18A). Similarly, TGF-β-inducible mRNA level of PAI-1 and a-SMA was also reduced 

by Sesn2 in LX-2 cells (Fig. 18C). TGF-β was considered to be the most stimulus to 

epithelial to mesenchymal transition (EMT) and its molecular mechanism involved the 

process of EMT (Zeisberg et al., 2007). Moreover, forced expression of Sesn2 attenuated 

TGF-β-induced EMT markers including Slug, Snail, and N-cadherin. (Fig. 18B) 
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Figure 18. Inhibitory role of Sesn2 on fibrogenic gene expression 

 

A. The effect of Sesn2 on TGF-b-mediated fibrogenic gene expression. LX-2 cells were 

transfected with pCMV-Tag3A (MOCK) or pCMV-SESN2 (SESN2) for 24 h, and then 

treated with TGF-b (1 ng/ml) for 12 h. PAI-1 and a-SMA protein levels were determined by 

immunoblotting. Sesn2 expression was confirmed by immunoblotting cell lysates of MOCK 

or SESN2 with anti-Sesn2 antibodies. B. The effect of Sesn2 on TGF-b-mediated EMT-

related gene expression. Cells were treated as described in the legend A. EMT marker protein 

(e.g., Slug, Snail, or N-cadherin) levels were determined by immunoblotting. C. RT-PCR 

analysis. LX-2 cells were transfected as described in the legend A and treated with TGF-b (1 

ng/ml) for 6h. a-SMA and PAI-1 transcript levels were analyzed by RT-PCR, using GAPDH 

as the internal control. Results represent the means ± SDs of three replicates; **P<0.01 = 

significant versus vehicle-treated controls. ##P < 0.01, significant versus MOCK-TGF-b 

alone.  
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6. Inhibitory Role of Sesn2 on TGF-b-mediated Smad Activation 

 

To address the downstream link between Sesn2 and TGFβ1 signaling, we assessed the 

inhibitory effect of Sesn2 on TGF-β-dependent Smad phosphorylation. The treatment of mock-

transfected LX-2 cells with TGF-β enhanced Smad phosphorylation. However, Sesn2 

overexpression attenuated the phosphorylation of Smad3 (Fig.19A). As we expected, Sesn2 

overexpression inhibited the ability of Smad3 to induce luciferase activity from an SBE-driven 

reporter (Fig.19B). Our results suggest that Sesn2 inhibits Smad phosphorylation and thus 

antagonizes Smad-dependent gene transcription. 
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Figure 19. Inhibition of TGF-b-downstream signaling Smad by Sesn2 

 

A. Cells were transfeced as described in the legend A and treated with TGF-b (1 ng/ml) for 

30min, and cell lysates were immunoblotted for examining Smad3 phosphorylation. Results 

were confirmed by repeated experiments. B, Inhibition of Smad activation by Sesn2. Cells 

were transfected with a pGL-SBE luciferase construct. Transfected cells were treated with 

TGF-b (1 ng/ml) for 12 h. Results represent the means ± SDs of three replicates; **P<0.01 = 

significant versus vehicle-treated controls. ##P < 0.01, significant versus MOCK-TGF-b 

alone.  
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7. Inhibition of BDL- or CCl4-induced Hepatic Fibrosis by Ad-Sesn2 

 

The most common methods used for inducing liver fibrosis in the experimental model were 

administration of carbon tetrachloride (CCl4) and bile duct ligation (BDL). To investigate the 

effect of Sens2 on hepatic fibrogenesis or fibrosis, we generated a recombinant adenovirus 

expressing LacZ (Ad-LacZ) or Sesn2 (Ad-Sesn2), which cause robust exogenous gene 

expression in liver (Fig 20A). Serum ALT and AST levels were significantly increased CCl4-

treated or BDL in Ad-LacZ infected mice. However, elevated levels of ALT and AST were 

markedly decreased by Ad-Sesn2 (Fig 20B).  

To determine the hepatoprotective effects of Sesn2 against CCl4 or BDL, we carried out 

histological examination of the extent of liver damage. First time, histopathological changes 

indicated the BDL-induced subacute cholestatic damages – focal hepatocellular necrosis, 

inflammatory cell infiltrations, bile duct hyperplasia and focal fibrosis were detected in the 

both BDL treated mice; Ad-LacZ-BDL and Ad-Sesn2-BDL at histopathological observation as 

compared with those of control mice, respectively. These are reconfirmed by 

histomorphometrical analysis; significant (p<0.01) increases percentages of degenerative 

regions, mean necrotic hepatocyte and infiltrated inflammatory cell numbers, bile duct and 

collagen fiber occupied regions were detected in Ad-LacZ-BDL and Ad-Sesn2-BDL groups as 

compared with those of each same adenovirus treated control mice, respectively. However, 

Ad-Sesn2-BDL treated mice showed significantly (p<0.01) lowered BDL-induced cholestatic 

subacute liver damages as compared with those of Ad-LacZ-BDL treated mice, in this 

experiment (Fig. 21 and 22). Secondly, Histopathological changes indicated the CCl4-induced 

subacute liver damages – centrolobular necrosis including ballooning of hepatocytes, deposit 
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of lipid droplets in hepatocytes (fatty changed cells) and infiltration of inflammatory cells were 

detected in the both CCl4 treated mice; Ad-LacZ infected mice and Ad-Sesn2 infected mice at 

histopathological observation with focal obvious centrolobular fibrosis in the lateral lobes, as 

compared with those of control mice, respectively. These are reconfirmed by 

histomorphometrical analysis; significant (p<0.01) increases percentages of degenerative 

regions, mean degenerative hepatocyte and infiltrated inflammatory cell numbers, collagen 

fiber occupied regions were detected in Ad-LacZ- CCl4 treated mice and Ad-Sesn2- CCl4 

treated mice groups as compared with those of each same adenovirus treated control mice, 

respectively. However, Ad-Sestrin2-CCl4 treated mice showed significantly (p<0.01) lowered 

CCl4-induced subacute liver damages as compared with those of Ad-LacZ-CCl4 treated mice, 

in this experiment (Fig. 21and 22). 
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Figure 20. Protection of Ad-Sesn2 on BDL- or CCl4-induced hepatic fibrosis 

 

A. Treatment schedule for CCl4- or BDL- induced fibrosis. Sesn2 expression was confirmed by 

immunoblotting in liver homogenates of infected with adenovirus LacZ (Ad-Lac) or Sesn2 

(Ad-SESN2). B. The activities of alanine aminotransferase (ALT) and aspartate 

aminotransferase (AST) were assayed by using an automated blood chemistry analyzer. All 

values were expressed as mean ± SD of 5 mice serum (significant as compared with vehicle 

control, **p<0.01; significant as compared with Ad-Lacz-CCl4 or BDL, ##p < 0.01. 
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Figure 21. Inhibition of BDL -induced liver injury by Ad-Sesn2 

 

Representative Liver Histological Images. Taken from LacZ control [A], LacZ-BDL [B], 

Sestrin2 control [C] and Sestrin2-BDL [D] mice. Histopathological changes indicated the 

BDL-induced subacute cholestatic damages – focal hepatocellular necrosis, inflammatory cell 

infiltrations, bile duct hyperplasia and focal fibrosis were detected in the both BDL treated 

mice; LacZ-BDL and Sestrin2-BDL at histopathological observation as compared with those 

of control mice, respectively. However, Sestrin2-BDL treated mice showed clearly lowered 

BDL-induced cholestatic subacute liver damages as compared with those of LacZ-BDL 

treated mice, in this experiment. LacZ: Recombinant adenovirus particles which expressed 

LacZ (1×109 pfu), Sestrin2: Recombinant adenovirus particles which expressed Sestrin2 

(1×109 pfu), BDL: Bile duct ligation, CV: Central vein, BD: Bile duct, Scale bars = 120μm. 
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Figure 22. Inhibition of CCl4-induced liver injury by Ad-Sesn2 

 

Representative Liver Histological Images. Taken from LacZ control [A], LacZ-CCl4 [B], 

Sestrin2 control [C] and Sestrin2-CCl4 [D] mice. Histopathological changes indicated the 

CCl4-induced subacute liver damages – centrolobular  necrosis including ballooning of 

hepatocytes, deposit of lipid droplets in hepatocytes (fatty changed cells) and infiltration of 

inflammatory cells were detected in the both CCl4 treated mice; LacZ-CCl4 and Sestrin2-CCl4 

at histopathological observation with focal obvious centrolobular fibrosis as compared with 

those of each same adenovirus treated control mice, respectively. However, Sestrin2-CCl4 

treated mice showed obviously lowered CCl4-induced subacute liver damages as compared 

with those of LacZ-CCl4 treated mice. LacZ: Recombinant adenovirus particles which 

expressed LacZ (1×109 pfu), Sestrin2: Recombinant adenovirus particles which expressed 

Sestrin2 (1×109 pfu), CCl4: Carbon tetrachloride, CV: Central vein, Scale bars = 120 mm. 



 פז

 

 
8. Inhibition of BDL- or CCl4-induced Fibrogenic Gene Induction by Ad-Sesn2 

 

Nest, we determined the expressions of PAI-1 and a-SMA in the liver by immunoblotting 

(Fig23). Treatment with CCl4- or BDL increased the protein levels of PAI-1 and a-SMA in 

liver tissue, which were completely inhibited by Ad-Sesn2 administration. Similarly, CCl4- or 

BDL-inducible mRNA levels of PAI-1, a-SMA, and collagen were also reduced by Ad-Sesn2 

infection (Fig24). Our results suggest that Sesn2 inhibits hepatic fibrogenesis and fibrosis via 

TGF-b/Smad mediated fibrogenic gene expression.  
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Figure 23. Inhibition of BDL- or CCl4--mediated a-SMA and PAI-1 induction by Ad-

Sesn2  

 

Western blot analysis. The protein levels of PAI-1 and a-SMA were assessed by Western 

blot analysis. (A and B) Results are presented as means ± SDs of three replicates 
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Figure 24. Inhibition of BDL- or CCl4-mediated fibrosis gene induction by Ad-Sesn2 

 

RT-PCR analysis. The transcript levels of PAI-1, a-SMA and collagen 1A1 (COL 1A1) were 

assessed by Real-time RT-PCR analysis. (A and B) Results are presented as means ± SDs of 

three replicates; **P<0.01 = significant versus vehicle-treated controls; significant as 

compared with Ad-Lacz-CCl4 or BDL, ##p < 0.01. 
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Figure 25. Role of Sestrin2 in the regulation of fibrosis signaling 
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9. Discussion 

 

It is well established that generation of reactive oxygen species (ROS) plays a key role in 

liver fibrosis. TGF-b is produced by HSC in response to exogenous ROS, and vise versa. 

Elevated ROS production and resulting oxidative stress are commonly detected in livers from 

patients as well as in most types of experimental liver fibrogenesis models (Choi et al., 2014; 

De Minicis & Brenner, 2007; Zhan et al., 2006). Moreover, antioxidant therapy improves 

hepatic fibrosis in rodents and may exert beneficial effects in patients with chronic liver 

diseases (Gomes & Negrato, 2014; Y. Jiang et al., 2014; Sengsuk et al., 2014).  

However, little is known regarding the function of the antioxidant system in activated HSC. 

In addition, the role of Sesn2 in the pathogenesis of hepatic fibrosis remains obscure. In the 

current study, we first investigated whether Sesn2 protects fibrogenesis in cultured hepatic 

stellate cells (HSC) or in mice treated with chronic carbon tetrachloride (CCl4) or bile duct 

ligation (BDL). Activated primary HSC up-regulates the levels of Sesn2 protein and mRNA 

(Fig. 13). Transforming growth factor-b (TGF-b) also increased Sesn2 expression in cultured 

HSC, which was due to increased transcription. TGF-b signaling occurs primarily by activation 

of Smad proteins and overexpressed Smad3 increased Sesn2 luciferase activity (Fig. 15). In 

silico analysis of the 5’ upstream region of Sesn2 gene identified a putative Smad binding 

element (SBE) sequence. Deletion of the putative SBE demonstrated that SBE from −964 to 

−956 bp in the human Sesn2 promoter was critical for the TGF-b-mediated response (Fig. 15).   

Moreover, Sesn2 reduces stellate cell activation and epithelial-mesenchymal transition 

(EMT) markers, which is accompanied with a marked decrease in SBE luciferase activity and 
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Smad phosporylation (Fig. 18, 19). A recombinant adenovirus Sens2 (Ad-Sesn2) administration 

presents less severe hepatic injury as supported by decreases in CCl4-or BDL-induced 

ALT/AST levels (Fig. 21). Furthermore, Ad-Sesn2 reduced liver injury and collagen 

accumulation (Fig. 23, 24). Collectively, our findings suggest that Sesn2 protects HSC 

activation and hepatic fibrosis via antagonizing TGF-b signaling. 
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Part Ⅲ: Identification of Isorhamnetin as a Sestrin2 Modulator and 

therapeutic function 

 

1. Sesn2 Activation by Isorhamnetin 

 

Recently, we found that the novel antioxidant protein Sesn2 contains a functional ARE 

sequence in its promoter (Shin et al., 2012). As expected, isorhamnetin treatment in HepG2 

cells induced the expression of Sesn2 (Fig. 27A, upper). To further elucidate the role of Nrf2 

in the regulation of antioxidant gene expression by isorhamnetin, we deleted ARE in the Sesn2 

promoter. Exposure of isorhamnetin resulted in a significant increase in the luciferase activity 

of pGL4-phSESN2. However, specific disruption of ARE in the promoter region of the Sesn2 

gene completely abolished the ability of isorhamnetin to increase luciferase-reporter activity 

(Fig. 27A, lower).  

Previously, we also found that Nrf2-ARE pathway regulates induction of Sestrin2 (Shin et al., 

2012). To examine the effect of isorhamnetin on Nrf2 activity, we first treated HepG2 cells 

with various concentrations of isorhamnetin for 6 h and then examined the dose–response 

effect of isorhamnetin on the nuclear accumulation of Nrf2. Treatment with isorhamnetin 

gradually ncreased nuclear Nrf2 levels in a dose-dependent manner, which was comparable to 

that obtained with the same concentration of t-BHQ used as a positive control. Consistently, 

isorhamnetin effectively decreased he cytosolic Nrf2 (Fig. 27B) 
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Figure 26. Chemical structure of isorhamnetin 

 

A. Chemical structure of isorhamnetin. B. UPLC and LC–MS profiles of isorhamnetin. The 

purity of isorhamnetin from O. javanica was confirmed by UPLC analysis. The mobile phase 

was composed of 0.1% formic acid in water and 0.1% formic acid in acetonitrile with a 

gradient elution system at a flow rate of 0.4 mL/min. The detection UV wavelength was set at 

254 nm (upper). Molecular weight to authenticate purified isorhamnetin was determined by 

HPLC–ESI–MS analysis (lower). 
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Figure 27. Sesn2 activation by isorhamnetin 

 

A. Sestrin2 (Sesn2) expression was examined in HepG2 cells treated with isorhamnetin (10–

50 μM) for12 h (upper). The effects of a deletion of ARE on the induction of Sesn2 luciferase 

activity by isorhamnetin. Dual luciferase reporter assays were performed on the lysates of 

HepG2 cells that had been transfected with pGL4-phSesn2 or pGL3-phSesn2-ΔARE (deletion 

mutant of ARE in Sesn2). Activations of the reporter gene were calculated as a change in the 

ratio of firefly luciferase activity to Renilla luciferase activity (lower). B. The effect of varying 

concentrations of isorhamnetin on the nuclear translocation Nrf2 in HepG2 cells. Nrf2 protein 

was immunoblotted in the cytosolic or nuclear fractions of cells incubated with 10–50 μM of 

isorhamnetin for 6 h. t-BHQ (30 μΜ) was used as a positive control. Data represent the mean ± 

SD of three replicates; the statistical significance of differences between each treatment group 

and the control (**P < 0.01). 
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2. Inhibition of t-BHP-induced Oxidative Stress by Isorhamnetin 

 

Because GSH biosynthesis is increased by isorhamnetin via Sesn2 activation, we next 

measured ROS production and GSH concentration in cells treated with t-BHP in concomitant 

treatment with isorhamnetin to determine whether isorhamnetin helps maintain redox-

homeostasis. t-BHP induced ROS production as shown by fluorescence microscopy, whereas 

isorhamnetin pretreatment almost completely prevented ROS generation by t-BHP (Fig. 28A 

and B). Isorhamnetin alone did not affect ROS production (data not shown). In addition, t-BHP 

treatment markedly decreased GSH level, whereas these were maintained in cells exposed to t-

BHP plus isorhamnetin (Fig. 28C). Both decreased ROS production and rescue of GSH by 

isorhamnetin suggest that isorhamnetin has antioxidant property against t-BHP-induced ROS 

production. 
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Figure 28. Inhibition of t-BHP-induced oxidative stress by isorhamnetin 

 

A. The effect of isorhamnetin on t-BHP-induced ROS production. HepG2 cells were 

incubated with 500 μM t-BHP and/or 25–50 μM isorhamnetin for 5h. Cells were stained with 

10 μM DCFH-DA for 30 min at 37 °C. H2O2 generation was determined by fluorescence 

microscopy (200×). B. Confirmation of reduced ROS production. Intracellular fluorescence 

intensities were measured using a fluorescence microplate reader. C. The GSH concentration 

was measured in lysates of cells treated with 500 μM t-BHP and/or 25–50 μM isorhamnetin 

for 12 h. Data represent the mean ± SD of four replicates; **P < 0.01, significant versus 

vehicle-treated control; ##P < 0.01, significant versus t-BHP alone. 
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3. Inhibition of t-BHP-elicited Cell Death by Isorhamnetin 

 

High levels of ROS increase the susceptibility of cells to ROS-induced cytotoxicity. Next, we 

investigated the effect of isorhamnetin on the cytotoxic effects of t-BHP. Cell viability and cell 

membrane permeability were assessed colorimetric MTT and LDH release, respectively. Cells 

treated with t-BHP led to cell death, whereas the pretreatment with 50 μM isorhamnetin 

prevented t-BHP-induced cell death (Fig. 29A). Cytotoxicity was confirmed by quantifying the 

LDH released from the cytosol of damaged cells. Cells treated with t-BHP resulted in 

significant increases in LDH release, while pretreatment with 50 μM isorhamnetin was 

comparable to that seen in untreated (Fig. 29B). In addition, cells treated with t-BHP obviously 

increased markers of apoptosis, such as PARP cleavage and cleaved form of caspase-3 (Fig. 

29C). However, isorhamnetin treatment prevented alterations in the levels of proteins 

associated with apoptosis. These results support the notion that the cytoprotective effect of 

isorhamnetin is due to its antioxidative effects. 
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Figure 29. Inhibition of t-BHP-elicited cell death by isorhamnetin 

 

A. MTT cell viability. The effect of isorhamnetin (10–100 μM, 1 h pretreatment) in the 

presence or absence of t-BHP (500 μM, 12 h) on cell viability was assessed using MTT assays. 

B. LDH assay. Cell membrane permeability was assessed by quantifying the amount of LDH 

released from the cytosol of t-BHP damaged cells. HepG2 cells were incubated with 500 μM t-

BHP and/or 10–100 μM isorhamnetin. Data represent the mean ± SD of four replicates; **P < 

0.01, significant versus vehicle-treated control; ##P < 0.01, significant versus t-BHP alone. C. 

Immunoblots of apoptotic proteins. Precursor PARP and cleaved caspase-3 were 

immunoblotted in the lysates of cells incubated with 10–100 μM isorhamnetin for 1 h, and then 

treated with 500 μM t-BHP for 12 h. Equal protein loadings were confirmed by 

immunoblotting for β-actin. Results were confirmed by three separate experiments. 
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4. Inhibition of LPS-induced Inflammation by Isorhamnetin 

 

To further elucidate the anti-inflammatory effect and molecular mechanism of isorhamnetin, 

we used RAW264.7 cells, a murine macrophage cell line. We examined any possible toxicity 

of isorhamnetin in the cells. The MTT assay was performed and verified that cell viability 

was not affected by treatment with up to 100 mM isorhamnetin for 24 h (data not shown). 

Next, we tested the effects of sub-lethal concentration of isorhamnetin (10–100 mM) on LPS-

induced iNOS expression in vitro (Fig. 30A). 30–100 mM of isorhamnetin treatment clearly 

blocked the iNOS induction by LPS, while 10 mM isorhamnetin minimally affected the iNOS 

expression. Therefore, we selected 30 or 100 mM of isorhamnetin for the subsequent 

experiments. To examine whether isorhamnetin transcriptionally regulated iNOS expression, 

we next monitored the mRNA levels of iNOS. RT-PCR analyses clearly showed that iNOS 

mRNA level was significantly increased by LPS. However, isorhamnetin treatment in the 

cells decreased iNOS expression (Fig. 30B). iNOS reporter gene analyses were conducted 

using RAW264.7 cells stably transfected with a construct containing the iNOS promoter 

region from _1588 to +165 bp. Consistent with the results of immunoblotting and RT-PCR 

analyses, luciferase induction by LPS was significantly prohibited by isorhamnetin treatment 

(Fig. 30C). As a result of iNOS inhibition, NO production was significantly blocked by 

isorhamnetin treatment (Fig. 30D).  
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Figure 30. Inhibition of LPS-induced iNOS expression by isorhamnetin 

 

A. The effect of varying concentrations of isorhamnetin on LPS induced iNOS inhibition. 

Cells were treated with 10, 30 or 100 mM isorhamnetin and continuously incubated with LPS 

(1 mg/mL) for 12 h. iNOS protein levels were immunoblotted in the cell lysates. B. RT-PCR 

analysis. Cells were treated with 30 or 100 mM isorhamnetin for 1 h, and then further 

incubated with LPS for 6 h. The iNOS transcripts were analyzed by RT-PCR assays, with the 

mRNA level of GAPDH used as a housekeeping gene. C. iNOS luciferase assay. iNOS 

luciferase assays were performed in cells stably transfected with pGL-miNOS-1588, which 

contains murine iNOS promoter from -1588 to +165 bp and exposed to LPS and/or 

isorhamnetin in RAW264.7 cells for 18 h. D. NO production. NO concentration in culture 

media treated with LPS for 12 h was investigated using Griess reagent. 

Data represent the mean ± SD of three replicates; **P < 0.01, significant versus vehicle-

treated control; ##P < 0.01, significant versus LPS alone. 

 

 

 

 

 

 

 

 



 קט

 

5. Inhibition of LPS-inducible Inflammatory Cytokines by Isorhamnetin  

 

Next, we studied the effect of isorhamnetin on pro-inflammatory cytokines such as TNF-a, 

IL-1b and IL-6. First we assessed the expression of TNF-a, IL-1b and IL-6 by RT-PCR 

analysis. LPS treatment markedly induced TNF-a, IL-1b and IL-6, whereas isorhamnetin 

treatment (30–100 mM) prevented gene expression (Fig. 31A). Next, the release of cytokines 

into the media was analyzed by ELISA in the media of RAW264.7 cells treated with LPS (1 

mg/mL) alone or in concomitant treatment with isorhamnetin. Treatment of the cells with LPS 

substantially increased the production of the cytokines (Fig. 31B). In agreement with 

inflammatory gene expression, isorhamnetin treatment inhibited the release of cytokines by 

LPS in a concentration-dependent manner, demonstrating that isorhamnetin suppressed the 

expression of genes associated with the inflammatory process. 
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Figure 31. Inhibition of TNF-a, IL-1b and IL-6 by isorhamnetin  

 

A. RT-PCR analysis. The transcripts of TNF-a, IL-1b and IL-6 were monitored by RT-PCR 

assays. Cells were treated with 30 or 100 mM isorhamnetin for 30 min and subsequently 

incubated with LPS for 3 h. B. ELISA. TNF-a, IL-1b and IL-6 release into culture media was 

determined by ELISA analysis. Data represent the mean ± SD of three replicates; *p < 0.05, 

**P < 0.01, significant versus vehicle-treated control; #P < 0.05, ##P < 0.01, significant versus 

LPS alone. 
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6. Inhibition of TGF-b-inducible Fibrosis Markers by Isorhamnetin 

 

Next, we explored the effect of isorhamnetin on TGF-b-induced fibrogenic gene 

expression. The exposure of LX-2 cells to TGF-b increased plasminogen activator inhibitor-1 

(PAI-1), a-SMA and EMT markers (Slug, Snail, Zeb1 and N-cadherin) in LX-2 cells, and 

this was clearly blocked by isorhamnetin (Fig. 32A). Similarly, TGF-β-inducible mRNA level 

of PAI-1 and a-SMA was also reduced by isorhamnetin in LX-2 cells (Fig. 32B).  
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Figure 32. Inhibition of TGF-b-inducible Fibrosis markers by isorhamnetin 

 

A. The effect of varying concentrations of isorhamnetin on TGF-b induced Fibrosis markers 

inhibition. Cells were treated with 25, 50 or 100 mM isorhamnetin and continuously incubated 

with TGF-b (1 ng/mL) for 12 h.  Proteins levels were immunoblotted in the cell lysates. B. 

RT-PCR analysis. Cells were treated with 50 or 100 mM isorhamnetin for 1 h, and then further 

incubated with TGF-b  for 6 h. The a-SMA, PAI-1 and Col 1A1 transcripts were analyzed by 

RT-PCR assays, with the mRNA level of GAPDH used as a housekeeping gene. Data 

represent the mean ± SD of three replicates; **P < 0.01, significant versus vehicle-treated 

control; ##P < 0.01, significant versus TGF-b alone. 
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7. Inhibition of TGF-b -inducible Smad3 Phosphorylation by Isorhamnetin 

 

To address the downstream link between isorhamnetin and TGFβ signaling, we assessed the 

inhibitory effect of isorhamnetin on TGF-β-dependent Smad phosphorylation. TGF-β 

treatment markedly induced Smad phosphorylation. However, treatment with isorhamnetin 

attenuated the phosphorylation of Smad3 (Fig. 33A). As expected, isorhamnetin inhibited the 

ability of Smad3 to induce luciferase activity from an SBE-driven reporter (Fig. 33B). Our 

results suggest that isorhamnetin inhibits Smad phosphorylation and thus antagonizes Smad-

dependent gene transcription. 
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Figure 33. Inhibition of TGF-b -inducible Smad3 phosphorylation by isorhamnetin 

 

A. Immunoblotting for Samd2 and Smad3 phosphorylation. Cells were treated with 25-100 

mM isorhamnetin for 30 min before being incubated with TGF-b for 30 min. The cell lysates 

were immunoblotted and results were confirmed by repeated experiments. B. Inhibition of 

Smad activation by isorhamnetin. Cells were transfected with a pGL-SBE luciferase construct. 

Transfected cells were treated with 50 or 100 mM isorhamnetin and TGF-b (1 ng/ml) for 12 h. 

Data represent the mean ± SD of three replicates; **P < 0.01, significant versus vehicle-

treated control; ##P < 0.01, significant versus TGF-b alone.  

 

 

 

 



 קיח

 

 

 

Figure 34. Effect of isorhamnetin as a Sestrin2 modulator and therapeutic function 
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9. Discussion 

 

Sesn2 is a family of recently identified evolutionally conserved antioxidant protein that 

exhibit cysteine sulfinyl reductase activity and can protect cells from oxidative stress. Sesn2, 

up-regulated in response to a variety of stresses including hypoxia, DNA damage, oxidative 

stress, and energetic stress (Svegliati-Baroni et al., 2008), is recently reported physiological 

roles of Sesn2 in the liver. In addition, it is reported that Sesn2 protects liver from acute 

stimulation of lipogenesis associated with fasting and re-feeding through degradation of Keap1 

and concomitant up-regulation of Nrf2 activity (Shin et al., 2012). 

So, these results led us to investigate the effect of isorhamnetin on Sesn2 activation through a 

concomitant up-regulation of Nrf2 activity (Fig. 27). Furthermore, isorhamnetin significantly 

induced intracellular GSH levels and reduced ROS production and cell death induced by t-

BHP (Fig. 28). In addition, our data showed that isorhamnetin inhibits acute inflammatory 

response in Raw264.7 cells. Consistently, isorhamnetin inhibited iNOS expression and NO 

production in LPS-activated macrophages (Fig. 30,31). It is well known that long-term 

treatment with LPS leads to cell death via ROS/RNS accumulation in Raw264.7 cells. Indeed, 

several lines of evidence suggest that cellular redox status regulates LPS-induced NF-κB 

activation (Li et al., 2008; Thimmulappa et al., 2006). In the current study, we also found that 

isorhamnetin protects against fibrogenesis in cultured hepatic stellate cells (HSC) (Fig. 32). 

Here, we found that isorhamnetin inhibits HSC activation and antagonizes TGF-b/Smad 

signaling (Fig. 33). Collectively, our findings strongly suggest that isorhamnetin treatment may 

become a promising therapeutics to effectively prevent or treat liver diseases.  
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Ⅴ. Conclusions 

 

From our studies we can conclude that: 

1. The study shows that Sesn2 antagonizes TLRs-mediated pro-inflammatory signaling and 

cell death in vivo and in vitro, and that Sesn2 specifically inhibits the TLRL-induced JNK, p38 

MAPK and AP-1 pathway. The results of this study provide insight of the roles of Sesn2 in 

innate immunity and inflammatory responses.  

2. The study shows that Sesn2 protects against CCl4/BDL-induced hepatic fibrogenesis and   

fibrosis via inhibition TGF-b/Smad signaling. 

3. The study shows that treatment of isorhamnetin as a Sestrin2 modulator may become a 

promising therapeutics to effectively prevent or treat liver diseases.  
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A variety of diseases have been linked with excessive reactive oxygen species (ROS), which 

are mainly produced in the mitochondria as by-products of normal respiration and play a 

crucial role in the cell signaling pathways that control cellular homeostasis. Excessive ROS 

are promptly destroyed in the cell by a sophisticated antioxidant defense mechanism. At the 

molecular level, a series of studies have shown that oxidative stress is commonly induced in 

all forms of chronic liver injury and plays a crucial role in hepatic fibrogenesis and cancer 

development. It was recently reported that the sulfiredoxin (Srx) system plays an important 

role in antioxidant defense through catalysis of the reduction of cysteine sulfinicacid of 

hyperoxidized peroxired oxinsresulting in regeneration of peroxiredoxin. Sestrins were 
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recently identified, and they also have cysteine sulfinyl reductase activity and modulate 

peroxide signaling and anti oxidant defense. 

However, the role of Sesn2 in acute hepatitis and the pathogenesis of hepatic fibrosis 

remains obscure. 

First, we investigated whether Sesn2 regulates Toll like receptor (TLR)-mediated 

inflammatory signaling and sought to identify the molecular mechanism responsible. In cells 

expressing Sesn2, it was found that Sesn2 almost completely inhibited lipopolysaccharide 

(LPS)-induced NO release and iNOS expression. A gene knockdown experiment confirmed the 

role of Sesn2 in LPS-activated RAW264.7 cells. Consistently, pro-inflammatory cytokine (e.g., 

TNF-a, IL-6, and IL-1b release and expression were inhibited in Sesn2-expressing cells. 

Furthermore, Sesn2 prevented LPS-elicited cell death and ROS production via inhibition of 

NADPH oxidase. NF-kB and AP-1 are redox-sensitive transcription factors that regulate the 

expressions of diverse inflammatory genes. Surprisingly, Sesn2 specifically inhibited AP-1 

luciferase activity and its DNA binding, but not those of NF-kB. AP-1 inhibition by Sesn2 was 

found to be due to a lack of JNK, p38 and c-Jun phosphorylation. Next, we investigated 

whether Sesn2 protects galactosamine (Gal)/LPS-induced liver injury in mice infected with a 

recombinant adenovirus Sesn2 (Ad-Sesn2). Ad-Sesn2 present less severe hepatic injury as 

supported by decreases in the ALT, AST and hepatocyte degeneration. Moreover, Ad-Sesn2 

attenuated Gal/LPS-induced pro-inflammatory gene expression in mice. The study shows that 

Sesn2 inhibits TLR-induced pro-inflammatory signaling and protects cells by inhibiting JNK 

or p38-mediated c-Jun phosphorylation. 

Next, we investigated whether Sesn2 protects fibrogenesis in cultured hepatic stellate cells 

(HSC) or in chronic carbon tetrachloride (CCl4)-or bile duct ligation (BDL)-induced hepatic 
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fibrosis mice. Here, we found that Sesn2 is up-regulated during HSC activation and 

antagonized TGF-b/Smad signaling. Furthermore, recombinant adenovirus Sens2 (Ad-Sesn2) 

administration showed less severe hepatic injury and fibrosis in CCl4-or BDL-induced fibrotic 

mice. Collectively, our findings suggest that Sesn2 protects hepatic fibrogenesis and fibrosis 

via inhibition TGF-b/Smad signaling. 

Finally, we investigate the effect of isorhamnetin on Sesn2 activation through a concomitant 

up-regulation of Nrf2 activity. Furthermore, isorhamnetin significantly induced intracellular 

GSH levels and reduced ROS production and cell death induced by t-BHP. In addition, our 

data showed that isorhamnetin inhibits acute inflammatory response in Raw264.7 cells. 

Consistently, isorhamnetin inhibited iNOS expression and NO production in LPS-activated 

macrophages. It is well known that long-term treatment with LPS leads to cell death via 

ROS/RNS accumulation in Raw264.7 cells. Indeed, several lines of evidence suggest that 

cellular redox status regulates LPS-induced NF-κB activation. In the current study, we also 

found that isorhamnetin protects against fibrogenesis in cultured hepatic stellate cells (HSC). 

Here, we found that isorhamnetin inhibits HSC activation and antagonizes TGF-b/Smad 

signaling. Collectively, our findings strongly suggest that isorhamnetin treatment may become 

a promising therapeutics to effectively prevent or treat liver diseases. Conclusion: Taken 

together, our findings suggest that Sesn2 protects acute hepatitis and hepatic fibrosis. And 

isorhamnetin as Sesn2 Modulator may become a promising therapeutics of liver diseases. 
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