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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 (H,O,) 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
H,0O, 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;
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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-
SO;H) or sulfinic acid (Cys-SO,H) (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 12" 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. Sesnl (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-1a (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 Keapl 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-xB 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-xB 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-f/Smad signaling

It is well established that generation of reactive oxygen species (ROS) plays a key role in
liver fibrosis. TGF-f 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-B-induced Smad2/3
activation. In cardiac fibroblasts, it was observed that TGF-B-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-f signaling via Smad-independent mechanisms. In addition to Smad-transduced
signals, TGF-p 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-p 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-B appears to be a key
downstream mediator in liver fibrogenesis (Leask & Abraham, 2004). In HSCs, TGF-f is
capable of triggering the transition to myofibroblast-like cells, stimulates the synthesis and
contract ECM proteins. Strategies with the aim of disrupting TGF-B 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-f superfamily members to the nucleus. Catalytically active TGF-§ 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-3

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-$/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, Zebl, Lamin A/C, Tubulin and IxBo 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- 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 CHCl; and n-BuOH. The n-BuOH fraction located onto a silica

N
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gel column chromatography (15 % 80 cm, 70-230 mesh) was eluted with CHC]l;, then with a
gradient of CHCI3-MeOH. The fraction of CHCl;-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 pum,
2.1x100) 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). 'H- and “C-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

il
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penicillin/ streptomycin at 37°C in a humidified 5% CO, 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 pPDONR"™221 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 CsCl, density gradient centrifugation. Virus titer was
calculated from TCIDs, 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. Glal/LPS-induced hepatitis

Acute hepatitis was induced by i.p. injection with 5 pg/kg LPS (Sigma-Aldrich) plus 700

bY
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mg/kg Gal (Sigma-Aldrich) and euthanized 8 h post-treatment. Adenovirus particles

(1 X 10° 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, CCls 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 X< 10° 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 X 10’ 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 Spectrum®, an automatic blood chemistry analyzer (Abbott Laboratories, Abbott Park,

IL).

T
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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 um) 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
pg/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

hl¢]
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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 xg 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% CO, atmosphere.

1%}
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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 pl 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 x

(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).

iInd
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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 [-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.

n’
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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 pg) was reverse-transcribed using
an oligo(dT),s 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-1P3 5'-"TGGACGGACCCCAAAAGATG-3" (sense) and 5'-
AGAAGGTGCTCATGTCCTCA-3' (antisense); mouse IL-6 5'-
TCCATCCAGTTGCCTTCTTG-3" (sense) and 5'-TTCCACGATTTCCCAGAGAAC-3'
(antisense); mouse gp91™™* 5-CCAGTGAAGATGTGTTCAGCT-3' (sense) and 5'-
GCACAGCCAGTAGAAGTAGAT-3' (antisense); mouse p47Phx 5'-
GTGGAGAAGAGCGAGAGCGG-3" (sense) and 5-GGTGGATGCTCTGTGCGTTG-3'
(antisense); mouse p22°"*  5-TTCCTGTTGTCGGTGCCTGC-3' (sense) and 5'-
TTCTTTCGGACCTCTGCGGG-3' (antisense); mouse a-SMA 5'-
TCCTCCCTGGAGAAGAGCTAC-3" (sense) and S5-TATAGGTGGTTTCGTGGATGC-3'
(antisense); mouse PAI-1 5'-GACACCCTCAGCATGTTCATC-3" (sense) and 5'-

AGGGTTGCACTAAACATGTCAG-3' (antisense); mouse Col 1Al 5'-

v
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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(ASBE), 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-xB, SESN2, SESN2(ASBE) 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 pg/ml for 12h. 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 H,O,. After
chemical treatment, cells were stained with 10 uM DCFH-DA for 30 min at 37°C. H,0,
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-1P and IL-6 contents in culture medium or serum were measured by
ELISA using anti-mouse TNF-o, IL-1p 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-xB, 5'-
AGTTGAGGGGACTTTCCCAGGC-3") and activator protein-1 (AP-1, 5-CGCTTGATG
AGTCAGCCGGAA-3) were used for gel shift analysis after end-labeling probes with [y-
2P]ATP and T, polynucleotide kinase. The reaction mixture contained 2 ul of 5x binding buffer
(20% glycerol, 5 mM MgCl,, 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 pg of nuclear extracts, and sterile water in

)
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a total volume of 10 pl. Incubations were initiated by adding 1 ul of probe (10°cpm) 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 x 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 1: 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 x 10° pfu) are infected via tail vein 48 h prior to injection with Gal (700 mg/kg)/LPS (5
pg/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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Table 1.Histomorphometrical analysis of hepatic tissues

Groups Percentages of degenerative regions  Mean numbers of inflammatory cells ive hepatocytes
(%/mm of hepatic parenchyma) (cells'mm” of hepatic parenchyma) (cells'mm” of hepatic parenchyma)
Ad-LacZ velicle 137=179 700=418 460182
Ad-LacZ GalLPS 3791+876" M4360=4783" 16980 =1915"
Ad-SESN? vehicle 2282265 720=3.70 440=288
Ad-SESN2 Gal/ LPS 888160 1080=230™" 22201035

All values were expressed as mean=SD of five mice; *P < 0.05, **P < 0.01 = significant as compared to vehicle-treated group; P < 0,01 = significant as
compared to Gal'LPS-treated group.
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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 pm) and stained

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

The cytokines including TNF-o 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-y-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-13 mRNA induction in liver
tissue was suppressed by Ad-Sesn2 injection (Fig 4A). In addition, Ad-Sesn2 blocked the
production of TNF-a, IL-6, and IL-1f 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-y, 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 pum). B, The number of
immunoreactive (positively stained) cells per/mm’ 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-1 were assessed by Real-
time RT-PCR analysis. B. ELISA. TNF-a, IL-6, and IL-1f 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

by
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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 pg/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 pg/ml LPS
for 12 h. iNOS protein levels were determined by immunoblotting. D. RT-PCR analysis. Cells
were treated with 1 pg/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 pg/ml) for 12 h
were determined using Griess reagent. /. 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 pg/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-1pB. 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-13 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 pg/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-1 were assessed by Real-
time RT-PCR analysis. Cells were treated with 0.3 or 1 pg/ml LPS for 3 h. B. ELISA. TNF-q,
IL-6, and IL-1[3 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 (gp917"™, p47™™, p22P"™) were examined by
carrying out Real-time RT-PCR. LPS significantly induced the mRNA levels of gp91™™*,
p47""* p22°" 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 pg/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 pg/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.
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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 uM
DCFH-DA for 30 min at 37°C. H,O, 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 gp91P™*, pd7™™*, p22P"* were assessed by Real-time RT-PCR analysis.
Cells were treated with 0.3 or 1 pg/ml LPS for 3 h. Results represent the means = SDs of three

replicates; * P <0.05, **P<(.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-xB 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-xB
DNA binding (data not shown).

To confirm the role of Sesn2 in the activations of AP-1 and NF-xB, 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-xB luciferase
activities (Fig. 9B lower) or IkB degradation (Fig. 9C). These data indicate Sesn2 specifically
regulates AP-1 activation, but not NF-xB, 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 pg/ml LPS for 1, 3 and 6 h, and nuclear extracts
(protein content 8 pg) were incubated with a consensus AP-1 and NF-kB oligonucleotide both
end labeled with [y-""P]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-«B luciferase
construct. Transfected cells were treated with LPS (0.3 or 1 pg/ml) for 12 h. C. The effect of
Sesn2 on [kB  degradation by LPS. Immunoblotting for [xB degradation. Cells were treated
with LPS (0.3 and 1 pg/ml) for 30 min. Total IxB 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<(.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 MAPKSs, 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
naive 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 RAW?264.7 cells. Cells were
treated with LPS (1 pg/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 pg/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 naive cells with
TLRLs, that is, peptidoglycan (TLR2 ligand), poly (I:C) (TLR3 ligand), LPS (TLR4 ligand),
flagellin (TLRS 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 pg/ml), poly (I:C) (50 pg/ml),
LPS (1 pg/ml), loxoribine (500 uM), FLA-ST (FLA, 1 pg/ml), or ODN 1826 (1 uM) 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-o. 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 gp91P™*,
p477, and p22™ 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-xB and AP-1. Furthermore, NF-kB 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 MAPKSs. 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

1

Collection @ chosun



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, TLRS, TLR7/8, and TLR9Y, 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-xB and
AP-1. In the present study, all TLRLs induced NO production and iNOS expression in
treatment naive 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-/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-f up-regulated Sesn2 expression in a dose-dependent
manner and expression level peaked at 2-5 ng/ml of TGF- (Fig 13C). We determined the time
course of Sesn2 expression in response to TGF-f 2 ng/ml) and it was increased after 1-12 h of

TGF-p 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 pg 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-f3 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-3 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-f (Fig. 14C). These data suggest that the up-

regulated Sesn2 by TGF- was due to increased transcription.

o]

Collection @ chosun



25

20

Relative SESN2

Relative SESN2
Luciferase Activity (fold)
mRNA level (fold)
o

- +  (12h) ) - 3 6 (h
TGF-g (2ng/ml) TGF-B (2Zng/ml)

TGF-B (2 ng/ml)

)

m

j02]

z

(3%

i

|
Relative SESN2
mRNA level (fold)

- ActD + ActD (3h)
TGF-g (2 ng/ml)

20

Collection @ chosun



Figure 14. Transcriptional regulation of Sesn2 expression in HSC

A. Increase in Sesn2 transactivation by TGF-f3 Sesn2 luciferase assays were performed on the
lysates of cells exposed 2 ng/ml of TGF-f in LX-2 cells. B. Real-time RT-PCR analysis. LX-2
cells were treated with TGF-f 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-f in LX-2 cells. The cells were
treated with ActD in the presence and absence of TGF-3. The relative level of Sesn2 protein
(left) and mRNA (right) were monitored after 12 h and 3 h TGF-p 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-8

TGF- 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-f-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-f 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-f-mediated Sesn2 induction,
we examined the effects of MAPK inhibitor on TGF-B-mediated Sesn2 induction. TGF-3-
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-p.
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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-ASBE (C). LX-2 cells were transfected with pGL4-phSESN2or pGL3-phSESN2-
ASBE. 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).
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Fig.16. Association of MAPK with TGF-B-induced Sesn2 expression

A. LX-2 cells were exposed to TGF-p (2 ng/ml) for 12 h after preincubated in the absence or
presence of 10uM ERK inhibitor, 10 uM JNK inhibitor or 10uM p38 inhibitor, and then the
expression level of Sesn2 protein was analyzed. B.LX-2 cells were preincubated in the absence
or presence of 10uM p38 inhibitor for 30 min and then were treated with 2 ng/ml of TGF-f 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-$-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-j3
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-3-
mediated Sesn2 induction, we examined the effects of antioxidants Mn-TBAP on TGF-f3-
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-f.
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Figure 17. Involvement of ROS in TGF-$-mediated Sesn2 induction

A. MTT assay. LX-2 cells were preincubated in the absence or presence of 5-20 uM Mn-
TBAP for 30 min and then were treated with 2 ng/ml of TGF-f for 24h. B. LX-2 cells were
preincubated in the absence or presence of 10 or 20 pM Mn-TBAP for 30 min. After treated
with 2 ng/ml of TGF-f for 24h, cells were stained with 10 uM DCFH-DA for 30 min at 37°C.
H,0O, 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-} alone. C. LX-2 cells were exposed to TGF- (2 ng/ml)
for 12 h after pretreatment with 10uM 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-f 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-B-inducible mRNA level of PAI-1 and a-SMA was also reduced
by Sesn2 in LX-2 cells (Fig. 18C). TGF-f 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-B-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-$ (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 4. 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 4 and treated with TGF-f3 (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-§

alone.

Collection @ chosun



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

To address the downstream link between Sesn2 and TGFp1 signaling, we assessed the
inhibitory effect of Sesn2 on TGF-B-dependent Smad phosphorylation. The treatment of mock-
transfected LX-2 cells with TGF-f 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 A4 and treated with TGF-f3 (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-§3

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 (CCI4) 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 CCls-
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 CCl, 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 CCls-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 CCl, 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- CCl, treated mice and Ad-Sesn2- CCl,
treated mice groups as compared with those of each same adenovirus treated control mice,
respectively. However, Ad-Sestrin2-CCly treated mice showed significantly (p<0.01) lowered
CClg-induced subacute liver damages as compared with those of Ad-LacZ-CCl, 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 CCls- 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-CCl, or BDL, ##p < 0.01.
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TABLE 1. Histomorphometrical Analysis of Hepatic Tissues. Taken form Vehicle or BDL-treated Mice

[Group Summary]
Index Degenerativeregions  Necrotic hepatocytes  Infiltrated inflammatory  Bile duct occupied  Collagen fiber i
Groups (%/mnr’) (cells/1000 hepatocytes) Cells (%/mnr’) tegions (%/mur) regions (%!
LacZ control 2102122 12.00=5.01 21631043 3002101 277£138
LacZ-BDL 56.11+6.13* 400 63205.75* 018.38=235.58* 28 46=338* 3767+5.15*
Sestrin? control 2172086 1038311 2025+8.63 3405124 272126
Sestrin2- BDL 30.46=4. 26 1568863 582 213.63=120 452 15.544 758 17495 478

Values are expressed as mean = SD of eight hepatic histological fields
M:Rmhhnﬂadﬂmﬁnxparﬁcksw]ﬁchmmcdlﬂ(lxlﬁgpﬁl}
Sestrin?: Recombinant adenovirus particles which expressed Sestrin? (1x10° pfir)
BDL: Bile duct ligation

4 p=0.01 as compared with each of same adenovirus treated control mice by MW test
B p<0.01 as compared with LacZ-BDL by MW test
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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 (1x10° pfu), Sestrin2: Recombinant adenovirus particles which expressed Sestrin2

(1x10° pfu), BDL: Bile duct ligation, CV: Central vein, BD: Bile duct, Scale bars = 120pum.
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TABLE 2. Histomorphometrical Analysis of Hepatic Tissues. Taken form Vehicle or CC14 -treated Mice

[Group Summary]
Index Percentages of degenerative  Degenerative hepatocytes Infiltrated inflammatory Collagen fiber ied
Groups regions (Ye/mm’) (cells/1000 hepatocytes) Cells (%o regions (Y
LacZ control 318=181 2263881 2050=1403 4352267
LacZ-CCl4 471525 82° 382.38:74.92° 625.88=123.40° 30.57=421%
Sestrin? control 3.21+1.90 23.00+10.39 21.75+10.38 4.30=1.60
Sestrin?- CCl4 19.00=3.62° 70.63+16.22C 141.13252.82° 15.4823.032

Values are expressed as mean = SD of eight hepatic histological fields
[acZ:anmantadmnﬁnnmrﬁcBchhmmdlacZ(lxlogpm}
Sestrin?: Recombinant adenovirus particles which expressed Sestrin? (1x10° pfis)
CCl4: Carbon tetrachloride

4 p<0.01 as compared with each of same adenovirus treated control mice by LSD test
B p<0.01 as compared with LacZ-CC14 by LSD test

© p=0.01 as compared with each of same adenovirus treated control mice by MW test
D p<0.01 as compared with LacZ-CCl4 by MW test
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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-CCIl4 [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 (1x10° pfu), Sestrin2: Recombinant adenovirus particles which expressed

Sestrin2 (1x10° pfu), CCl4: Carbon tetrachloride, CV: Central vein, Scale bars = 120 pm.
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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 CCls- or BDL increased the protein levels of PAI-1 and a-SMA in
liver tissue, which were completely inhibited by Ad-Sesn2 administration. Similarly, CCls- 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. (4 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 1Al) were
assessed by Real-time RT-PCR analysis. (4 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-CCl, 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-f 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 (CCly) or bile duct
ligation (BDL). Activated primary HSC up-regulates the levels of Sesn2 protein and mRNA
(Fig. 13). Transforming growth factor-B (TGF-) also increased Sesn2 expression in cultured
HSC, which was due to increased transcription. TGF-f 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 CCly-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-f 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 uM) 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-AARE (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 uM of
isorhamnetin for 6 h. t-BHQ (30 uM) 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 pM t-BHP and/or 25-50 uM isorhamnetin for Sh. Cells were stained with
10 uM DCFH-DA for 30 min at 37 °C. H202 generation was determined by fluorescence
microscopy (200x). 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 uM t-BHP and/or 25-50 pM 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 pM 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 uM 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

1sorhamnetin 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 uM, 1 h pretreatment) in the
presence or absence of t-BHP (500 uM, 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 uM t-
BHP and/or 10-100 pM 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 uM isorhamnetin for 1 h, and then
treated with 500 uM t-BHP for 12 h. Equal protein loadings were confirmed by

immunoblotting for f-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 uM isorhamnetin for 24 h (data not shown).
Next, we tested the effects of sub-lethal concentration of isorhamnetin (10-100 uM) on LPS-
induced iINOS expression in vitro (Fig. 30A). 30-100 uM of isorhamnetin treatment clearly
blocked the iNOS induction by LPS, while 10 pM isorhamnetin minimally affected the iNOS
expression. Therefore, we selected 30 or 100 puM 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 uM isorhamnetin and continuously incubated with LPS
(1 pg/mL) for 12 h. iNOS protein levels were immunoblotted in the cell lysates. B. RT-PCR
analysis. Cells were treated with 30 or 100 pM 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 < (.01, significant versus vehicle-

treated control; ##P < 0.01, significant versus LPS alone.
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S. 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-o, IL-1B and IL-6 by RT-PCR
analysis. LPS treatment markedly induced TNF-a, IL-1f and IL-6, whereas isorhamnetin
treatment (30-100 uM) 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
pg/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-1p and IL-6 by isorhamnetin

A. RT-PCR analysis. The transcripts of TNF-a, IL-1p and IL-6 were monitored by RT-PCR
assays. Cells were treated with 30 or 100 uM isorhamnetin for 30 min and subsequently
incubated with LPS for 3 h. B. ELISA. TNF-a, IL-1f and IL-6 release into culture media was
determined by ELISA analysis. Data represent the mean + SD of three replicates; *p < 0.05,

**Pp < (.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- increased plasminogen activator inhibitor-1
(PAI-1), a-SMA and EMT markers (Slug, Snail, Zebl and N-cadherin) in LX-2 cells, and
this was clearly blocked by isorhamnetin (Fig. 32A). Similarly, TGF-B-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-f induced Fibrosis markers
inhibition. Cells were treated with 25, 50 or 100 uM isorhamnetin and continuously incubated
with TGF-f (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 uM isorhamnetin for 1 h, and then further
incubated with TGF-f  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-f alone.
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7. Inhibition of TGF-B -inducible Smad3 Phosphorylation by Isorhamnetin

To address the downstream link between isorhamnetin and TGFf signaling, we assessed the
inhibitory effect of isorhamnetin on TGF-B-dependent Smad phosphorylation. TGF-§
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.

np

Collection @ chosun



A)

TGF-B
isoR (uM) - - 25 50 100
p-Smad2 m— [ = =
p-Smad3 = L —
Samd2/3 mm | w— — e —

B)

ok

w b
o o

20+

Relative SBE
luciferase activity
S
£

H##

0_
isoR (uM) - - 50 100

TGF-p

TP

Collection @ chosun



Figure 33. Inhibition of TGF-f -inducible Smad3 phosphorylation by isorhamnetin

A. Immunoblotting for Samd2 and Smad3 phosphorylation. Cells were treated with 25-100
puM isorhamnetin for 30 min before being incubated with TGF-f 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 pM isorhamnetin and TGF-f3 (1 ng/ml) for 12 h.
Data represent the mean + SD of three replicates; **P < (.01, significant versus vehicle-

treated control; ##P < 0.01, significant versus TGF-f alone.
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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-xB
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-/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-/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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ABSTRACT

The role of Sestirn2 as a novel therapeutic target for the liver

diseases

By Yang Ji hye
Adyvisor: Prof. Ki Sung Hwan, Ph.D.
Department of Pharmacy,

Graduate School of Chosun University

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 RAW?264.7 cells. Consistently, pro-inflammatory cytokine (e.g.,
TNF-a, IL-6, and IL-1 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 (CCly)-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-/Smad signaling. Furthermore, recombinant adenovirus Sens2 (Ad-Sesn2)
administration showed less severe hepatic injury and fibrosis in CCly-or BDL-induced fibrotic
mice. Collectively, our findings suggest that Sesn2 protects hepatic fibrogenesis and fibrosis
via inhibition TGF-/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-«kB 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-f/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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simemes Howewer, the regulatory roles of Sem2 in the immume system and in inflammatory responses
remainobsoure. In the present study, we investigated whether Se=sn2 regulates Toll like reepior (TLE)-
meed iated inflammadory signaling and sought o id entify the malerular mechanism responsible n cells
expressing Sesnl, it was found that Send almost complets] y inhitvited lipopolysacchamide (LPEnd uoed
NO relexe and iNOS expression. A gene knockdown experiment confirmed the role of Sen2 in LPS-
activated RAW2G.T oellz Const thy. proindl tary cykine (e, THPaL -6 and 111 releass
amd expression wene inhitsiesd in Sem2-expreming oells. Punthermare, Sem2 prevented 1FS-elicited cell
death and ROS produdtion via inhibvion of NADFH oxidase. NP and AP-1 are nedax-sensithe
tranzcription factors that regulee the expressions of diverse inflammadnTy genes. Surprisinghy, Sesn2
specificallyinhibitsd AP-1 lud ferase aativity and its DMNA binding, but not thoss of NPl AP-1 inhibition
by S=sn2 was found to be due to a ladk of JNK, p38, and c-jun phosphonylation. Next, we investigated
whether S protects galact ine (Gal)fLPS-induced liver injury in mice infecisd wath a necomibi-
nant adenawvirus Sesn? (Ad-Sen2) Ad-Sesn? present less severe hepatic infry as suppaorted by
dermmes in the ALY, AST, and hepatocyts degenention. Marsover, Ad-Sem 2 attenuated Gailfl PS-ind uesd
proinflammatory gene expression in mice. The study shows that Sewn2 inhibits TLR-inducsd prain-
flammatory signaling and protects cells by inhibiting [NK- or p38 -mediated c-un phasphorylation.

& 2074 HEsevier Inc. All rights reserved.
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exres fve RO then cases direct damage 1 macromaoleades, sudy xs
lipids, mrleic adds, and proteins |4) Funbermaone, it 5 well known

Reactive eypen species (RDG) are esental medistons of normal
cell physiokegy and are generated from the metabolism of molealar
aygen, mainly in mitochondria |12 ROS can serve a5 intraceliuly
sigmaling molecules and are dnvoled in repslation of diverse bickgical
processes. Moreover, lydogen perocdde (HoOy) B a4 major ROS in
terms of cell s gnaling regala ton |3 ] Howeve £ asddative sires oours
when the balance between tve ROS production and the antiecidant
defense mechantim 5 skewed in Gror of ROS produdion, and e
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Chuat awdclarive damage 5 associabed with varios uman diseases, asch
a5 cancer, disbetes, hepatits, and candovasoular disease

The perstiredosdns (Prs ) constitute a family of thiol-de pe mdemt
peroxiiases that scavenge Hy0, and alkyl Iydropersddes In addi-
ton 1o antieddant activities, they are abo asociaed with diverse
el ud ar Fenti ones, such a5 prodiferation, diffe rentiation, and apoplosis
|56). Furthermone, the six manwnalian Prx family members exhibic
liflerent tisswe and organel e dismbutions |5 The Pras are classified
into three sibgroups, desienated 2-Cys P, atypical 2-Cys Prx, and
1-0ys Po. The 2-0ys Prx estists as somodimers and oonlains twoe
conserved cysteine residses for peredide redecion. Under T ghly
ascidizing conditions, Pros lose persdidase sctivity due 1o the over-
asidation of cysbeine o sulfinke add (Oys- S00H) or sulfomic acid {Oys-
S04H ) |5 in the adive site. However, sufimylated Pras are mactivaied
by sulfiredastin (5 ), whidh redsces sulfimdated Pras via an ATP-
dependent medsanism [7-90.

It was recently proposed that sestmns(Sesns) also have cyse ine
sulfiny] redirtase sotivity and inbibit ROS poodsdion by regenerating
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AMPK activation by isorhamnetin protects hepatocytes against
oxidative stress and mitochondrial dysfunction
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Aractideniic acd [AN) 5 3 w—6 polyunsamrared Gy ackd thar is found in the phospholipsds of mem-
branes and reeazed fmm e cellular membrane Mpid bilayer by phosphalinase A2 Dumn £ The process,

rhe he patoamocicity induced iy traatment wirh AA plus ion in HeplZ cefis. Furfenmors, Eorham nesn
infiibied She A+ lrom induced generation of mactve ooygen spackes and redumion of glorarhione,
and suberguently mainmined mimchandria membrane potentid n AAGiron mearad HeplZ oelis
In addition, eorham resn acsvarsd AMP-acSvared prodein kinese (AMPE | by Thr- T2 phesphorta sion of
AMPEz, and rhis was madined wirth CaiZ + J calmodulin-depen dent proein kinase longee-2 (CaWKIc ),
oot o7 e icina e B Expeimients wsing CaMEIS s5RNA or i sedsonive inhihitor, 5T0WE08, revealsd the
rode of CaMKEE in dhe tsorhamnesn -Gnduced acivaion of AMPK in Hep(Z ofls. These resolts ind cane
mnrhaimineEn profeos aga e the hepaonocs e feoof A4 ples oo, and suggest sharthe AMPE pasway

5 rrendwed in rhe mechanism onderiping the benefical ofiscrod bsorhamnetin in Sie lvec
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(hiklative stress promaotes o=l ular damage and i 2 chatacter-
istic feature of several human diseases. For example, it has been
shown that modifi@tion of membrane phosphalipids by =ooes
reactive moygen spedes results in o=l and Gemue imjury {Apel and
Hirl, 2046; Bergamini et al, 2004; Reddy and Oark, 2006 ; Shah

Addy ttony B asacbodnee sl AT, acerdin A b edae; AP AR
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and Channon, 200d; Valko et ad. 2006 Willner 2004). During
conditions of mddative andjor inflammatory stress, Teadive
axygen speckes andlar otokines can induce the mddative mod-
ificaion aof fatty acids within membrane phospholipids. and
during this proces, arachidonic acid (AA&; 3 -6 polyumsaturated
Taty acd) is releassd from the cellular membrane lipd blager
(Halboa and Babinde, 2006; Gijon and leshie, 1999} AR @ nduce
cell death by promating the upike of clddgum by mitochondria
amnd the production of ceramide (Balbaa and Balsinde, 2004; Gijon
amnd Leslie, 19949 In particular, inthe presence of mon, released A&
stimulates cells to produce more readive ocoygen specdes, which
can induce mitachandrial dysfunctiom and cell death ( Fleming and
Baam, 2005; Galaris and Pantopoulos, 2008; Halliday and Sexrle,
159496; Newleld, 2006) Thensfore, treatment with AA phes irom
affers a treatment made] that could be useful for scresning agents
that protect mitnchandnia against s=vere oddative stress.
AMP-ativated protein kinase (AMPK) is a2 mubifinabional
cytasalic prot=in that plays Immportant roles in energy homeastasis,
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Licochalcone Suppresses LXRao-Induced Hepatic Lipogenic Gene
Expression through AMPK/Sirt1 Pathway Activation
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Licochalcone (LC), 3 mejor phenolic reoochalcone fom licorice, has anfi-inflanwrestory activity This
smddy imvestzated the effects of hoochalcome A (LCA) and licechalcone E (LCE) on Liver X recepior-a
(LXFormedisted lipogenic mene expression and the molecnlar mechsnisms umderiying those effects.
LCA and LCE amtagonized the shility of L3 o agonists (TOSM1317 or GW3965) to indease stero] regu-
lztory element binding protein-1c (SEEBP-1c) expreszion and thereby inhibited farget pene expression
{e.z., FAS mnd ACC) in Hep(G2 cells. Moreover, meamnent with LCA snd LCE impaired L3R B Rao-
induced CYPTAL-LXRE-uciferase (CYPTAL) mansactivation. The AWMPE-Sirt] sisnaling patnway is an
immportant regulator of energy membolizm md, therefore, @ potential therspeutic target for metabolic dis-
eases, nchoding hepatic steatosis. We found bere that LCE increased AMPE phosphorylation and Sirtl
expression. We conclude that LC inhibits SEEBP-1c-mediated hepatic lipogenesis via acovation of the

AMPE/Sirt] signaling pathway.
Eey words: Licochalcone A Licochslcons E, Hepatic steatosis, Sterol regulatory elemens binding protein-
1c, Liver ¥ recepior-o
INTRODUCTION CoA carboxylase (ACC), and stearovl-CoA desaturase-1

Liver X receptor-ce (LXF.o), 8 member of the nuclear
receptor superfamily, binds to the DE-4 motif known as the
LXF response element (LXFE) in its target genes and acts
as an important regalator of cholestenol, fatty acids, and bile
acids (1), L¥Fx increased the afox of free cholestenol as
wall as nascent and matore HDL through upregulation of
the ATP binding cassette (ABC) sterol transporters, such as
ABCAI snd ABCG] (2). Activation of LXPo, however, is
azsociaed with increased lipogenesis, bypermipghycemia, and
far acoumulation through de nove Sty acid synthesis in the
Irver due to the LXF.o-induced increase in the expression of
lipogenic genes, such as fatty acid synthasze (FAS), acenyl-
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(SCD-1) (3). Stercl regulstory element binding protein-lc
(SEEBP-1c) is an essential transcrption factor for Lipo-
Zenic gene expression (4). SEEBP-1c is fundamental 1o the
pathogenesis of metsbolic diseases, mcluding hepatic ste-
atosis, and has been mizgested as a potential therapeutic tar-
2t (3).

Licorice oot from Ghowrhza igflata (G oyflarg) has
been used in traditional and herbal medicines. This species
contain: uonsweal phenolic compounds, called rerochalcones,
which include licochalcone A to E and echinating Licechsl-
cone A (LCA; Fig. 1A wpper panel) has been demonstrated
to have a vanety of pharmacological activities, including
anti-bacterial anti-cancer, and ant-inflammatory actvities
{6-%). Licochalcone E (LCE; Fiz 1A lower pansl) has
recently been isolated and charscterized from & pflaa
(10). The pharmacological eficacy of LCE has been smd-
ied extensively. Anti-dishetic (11), and-inflammatory (12),
and cywotoede effects (13) have been reported for LCE.
Moreowver, recens report showed the and-lipogenic effact of
LCA in HepG2 cells and mice fed on high fat dist (14).
They showed that the basal expression levels of lipogenic
zene were decreased by LCA in HepG2 cells. In addition,
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The Antioxidant Effects of Isorhamnetin Contribute to Inhibit
COX-2 Expression in Response to Inflammation: A Potential
Role of HO-1

Kyuhwa &m‘ Ji Hye ‘!r'nng,' Sang Chan K:[u,z Sae Kwang KI.IS'IZI“ Hwan Ki.' and
Sang Mi Shin'”

Abroac— Previosly, weteporad tha sorho e e, 2.5 -£ ety keed rosta ol ne of guemetin, mdsned
imhacible miric ovide synthase (INCE) expression and MO prodecsion. The poesem stady faher inves-
tiguiad e wndarhing mechamian of et inflaversony and aeticodan efiects of isorbarmenting Adin-
immagion of teorba mzetin daoransad the: ramber of cycloonygemase-2 (O0K-2) praitive cells in ras with
aFnpenn ndced pow adama. korlommetn aleo sppemed |ipoge e charide {LPS amdaosd -
pressiom ol O0X-2 medlls 1t well imoss ol | P3-indeosd mactive oxyge s spec e (ROS) prodaction
haacks e OORX-2 imdaction bosbarmetin decmased LPS-inder ad ROS penduction and apoqicats. In add-
o, the bam | evpeemion of beme oxygemasd {HO-1) wos incmed by iookomsetin teatmend D ag-
et with fe incease in mackear rmshor ation of M- EX-relaed fosies- 2 (Wi, on essentia lrassonip-
tiom ey fior e regakanion of HO-1 sppeession. Miosover, peestremme of tin peodoporplyrin (X SaPF),
acherical imhdnor of HO, mvemad de ability of isoftammetin io kit O0X-2 expression. These
et cherrimesim e b t mdwotion o R by isootummmetin baads ioa revhuoriom in BO8 porshaction and s
antioridand pecpesty mighic oniribete io the mbibiion of O0X- 2 expression i wgpoase o iflemmation.
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Inflammaton has heen mplicabal m various disawmes
incliding sepeis, athermclenmiz, and cancer [1-3]. n
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repanse to forelsm ommnEns, the mmune reponse 15
provaked during inflammeton. Histmine and saotonin
produced. fom mast cells aler the vmanbr pemmeahility,
which ressubis im infikration of nflemmatory calls [4]. Mac-
rophages, a5 scavengers af foreign omanisms and nfam-
mainry mediaior sscretion cells, regulate immune re-
somses [5]. However, the sheront activatom of macro-
pheges camses ocll damage and s mjury. These detn
ment] respomzses affect cell membrane by modifymg
membrane phospholipids. As areslt, achidmnic acd is
redecased and then vanous ekesanoik e synihesiad.
These produds ouse deletanow oeames and pam by
affecting hlond vessd, cells, and merve endings [6, 7.
Cydooxygemse-2 (00X -2), as an early respanse
emryme, & mduced during the mflammetory response and
farilites inflammation drough producton of prostaglen-
dins [8] In mecrophages, with mducible nimic axide syn-
thase {iN5), the level of ODX-2 & o important mdicator
fior the eva uation of inflammetory extent. Thenefiore, many
kinds af COX-2 inhibitors have been developal for then-
v agains various inflammatory diseases [8]. The
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Isorhamnetin protects against oxidative stress by activating Nrf2 and
inducing the expression of its target genes
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Isothamentinisa ¥-0-methyled meabalite ofqueretn and hasheen reparted to have anti-infammamory and
anti-prafiferative eferts. However, the effecss of morhammetin on Nri? activation and on the expressions of s
dowmstream genes in hepatocyes have not been ducdated. Hl:le..“:imnﬁﬁy.'bd whether sorhamnetin has
the ahility to actvase Nri2 and induce phase || atiocdant emeyme and to determinethe protectve
male o fisarh amnetin an modative injury in hepasncytes. In Hepll2icd kx, isorhamnetin inmezed the miclear trans-
lo@ton of NriZ in a dose- and time dependent manner, and mnsisendy, incresed antiocidant resporse el
memnt [ARE] reporter gene activity and the proein levels of hememoygenase [ HO-1) and of ghtamase cysteine
ligaze (GCL), which resubted in imtracelulr C5H leve] inoeases. The specific ral= of Nri2 in isaorhamnetin -
induced Nri2 targes gene expression was verified using an ARE-delet on magant plasmid and Mri2-knockou
MEF cells_ Deletion of the AKE in the promoter region of the sexiin? gene, which is recently identfied ax the
Nri2 arget gene by us, abalished the ahility of sorhammetin to inmease ludierase acity. In addition, Nri2 de-
ficency cmmpletly hladed the ahi ity o fisorhanmetinto nduce HO-1 and GO Farthermore, isorhamnetn jpre-
treatment hlodoed t-BHP-ind ueesd RS prod uction and reverssd GEH depletion by t-BHP and conssquen gy, dues
o reduced RS levels, degesed t-BHP-induced el deash. In add thon sorhammetin inoesed ERK1,2, FEG and
AMPY phos phorylasion. Finally, we showed that Nri2 deficency bloded the ahility of isorhammesin o prapec:
cells fram mjury mduced by t-HHP. Taken ingether, ourresuls d emanstrase that sorhammetin & effiarioes m
proecting hepatocytes against modative stress by Nif2 acivation and in indu cng the expres jons of its down-
ST P

© 2013 Blsevier Inc All right= reserved.

lntrodisction

element {ARE) and thereby regulste induction of genes encoding
antioxidant proteins and phase I detosdfying enzymes such as

Esicesaive reactive axygen s pecies [0S | produdion & believed 1o
cause a diversity of disexses. Furthermore, bals noe between the gener-
ation and elimination ol ROS keeps cellular homeossis | Rodrigues and
Redman, 2005 | Under normal physiological conditions, cells contral
RO levels using a sophisticated antioxidant de lense mechan sm. How-
ever, under pathological mnditions, such &s in chromde inflammatony
o itions, e xcessive BOS causes cellular dysfunaion and remodeling
(Finkel, 201 1;V alko o1 &1, 2007).

NF-E2-related (sctor 2 (Krf2) & a member of the capn’oollar Gamily
of B2IP transeription factors that bind to tee antioxddant response

Adibrovimtons: SeonT, s ARE, anTiidanT resposcs sewmen; -BHQ, wa-
by Thvptroduiinads; B0, nes oive copgen spackes;, N2, NF-E2qelaed famar-3; G05,
gl amylcyaane Syt te; B, heameorygenae 1 MO, MADY P UH gpeinoes
e ae; FREZ, evwace Tabir signal-wegal oed iieaoe; FCC pootsn s O PO,
phosplainncisde 3-ineee; AMPE, 37 A NP3 el oo in inese.
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plitamyloysteins synthetase [(G0S) [ Jevapaul and Jaiswal 2000),
hememygenase 1 [HO-1) [Kweon o il 2006), glutathione
S-ransferase A1Z [Kwak et al, 2001 ), NADY P)H:quinone reductase
[KQD1) (Venugopal and Jaiswal, 1996) and sestrn? [Sesn2) {Shin
etal, 2012} It has been vell established that NriZ saivatbon inre sponse
10 dxidative injury protects cells and rissues from oxidative stress.
Uhnader normal conditions, Mri2 is loalized in the cytop asm where it
s with the Keapl, which functions & an sdapior for Cul3-based
E3 ligase 1o regulste the protessomal degradation of N2 [Venugopal
and Jaiswal 19961 In fact, the NriZ-Keapl interaction leads 1o the
raped elagr seba tioi o e vis Cul3 whiguitin E3 hgse polubl quitination
[Kobayashi et sl 2004). However, after direct attack by RDS or resulting
indirect actions, such a5 phos pleoryl ston, K2 dissociates from Keapl
anl thereby translocates into the nuclews and ransscivates its target
genes through ARE Diverse protein kinases have been implicated in
the tramsduction of oxddative stress signals 1o ARE-mediated gene ex-
pression. Moremer, & number of repons have sddresed the posible
ke played by exciracel lular signab-regul sted kinase | ERK 12 ) | Zpper

anp
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O-methylated flavonol isorhamnetin prevents acute inflammation

through blocking of NF-kB activation
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ARTICLE INFO ABSTRACT

Aricle higary Here, we isolated isorhammetin, 2 natural ¥ -0-methylated flavanaid, from water dropwart (Qenanthe
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Hodear Gonr-Tappa B (NF-a8)

Jjovanim, Umbelligros ) and imvestigated its ahility to protect against aoute infammation in vive and
in vitre. To mduce paw swelling, the hind paw of sach rat wa injeated with 2 @mageenan 1 h afber vehi-
de or sorhamnetin treatment. In vitro effet and mechanism studies were performed in lipo pal ysaccha-
ride (LFS)adivaed macophages Adminitration of isorhamnetin markedly inhibited the swelling
wahime and the thidmess of hind paws. Moreover, isorhamnetin signifi@nty reduced inflanmatory o=l
infiltration and pro-inflammatary gene expressian in rats korhannetin pret stment i nhibited i nducible
mitric axide synthaze (INOS) expression and MO neleass in LPS-stimulated cells. Artivation of nudear fac-
tor-kappa B{NFdl) and activating protein-1 (AP-1) i the key stepin the iNOS gene ndudion. Isarham-
netim specifially inhihited NP-xB luciferass ativity, but not AP-1. Pretreztment with isorhammetin
sppressad NPl mud ear translocation in aooordanee with decreassd phosphor ylation and degradation
af inhibiry-kl Conststently, TNFa, IL-1 )1 and IL-6 expression, representative NPkl tanget genes, were
almast compleiely prohibited by Ssorhamneting Purthermore, sorhammetin inhibited LPS-induced JNK
and AKTJIKK=z/) phospharylation. Our results suggest that sorhammetin inhibited NK, and AKT/IKK=/)
artivation, |eading ta NF-xB inactivatian, which might antribute io theinhiton of the acte inflamma-

oy Tespanse.

313 Esewier Lid. All nights reserved.

1. hatrosdh ction

Water dropwort [ Oenanthe jovamm, Umbelliferne) has been
widely wied in Asian countries 25 an herbal medicine for the treat-
ment of jaundice, hypertension, disbetes, and sbdominal pain| M
et al, 2010 Park et al, 1985) as well a5 for food. 1sor hamenitin,
3-0-methylated metabaolite of quercetin and one of 2 major oon-
stitwent of O jovamo, has been known several pharmacological
activities such as anti-ooddative and anti-proliferative effects
(Pengled et al_ 2008; Teng et al., 2006). Nevertheless, i vivo effect
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of Borhamnetin and its molecular mechanisms explaining how
isorhamnetin suppress the inflammatory response are nol eluc-
dated in detail In the curent study, we successully solated sorh-
amnetin from O, jovanim and examined its anti-inflammatory
effect and its molecular mechanism in the carageensn-indeced
paw edema animal model and in lipopolysaccharide (LPS)-act-
vated RAW264.7 cells, regpectivaly.

Acute inflammation is a normal protective response of a tisase
1o injury or destriction and is characterized by typical symptoms
of increased blood Mow to the tisee, swelling, redness, lever and
pain. However, aberrant activation of the acute inflammatory re-
sponse is thought toindece diverse tssue and organ damage with-
out any benefis (Rankin, 200d4). Nirkc oxide (NO) exerts
pleiotropic signaling a5 an effector molecule that regulates expres-
sion of pro-inflamma tory mediators in the early response o invad-
ing pathogens (Ricclardolo et al, 20041 NO produced by
oonst itutive nitrc axide synthase (cNOS) regulates crscial cellular
fumctions; however, ND produced by inducible NOE ( iNOS ) during
the inflammatory process plays an important role in the early
inflammatory response (Lick et 2L 2002 In addition to NO, tumon

np
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The Itver 15 a central organ that performs a wide range of functions swuch as detoxtfication and metzbolic homeostasls. Since it 1s
3 metabollcally active organ, liver s particilariy susceptible to oxldative stress. It i well dooumented that liver diseases Including
hepatitts, fibrosts, cirrhosts, 2nd hepatocellular carcinoma are highly assoclated with antloxidant capactty. NF-E2-refated factor-2
(Mrf2) 1s an essential transcription factor that regulates an array of detox fying and antoxidant defense genes expression n the
ltver. 1t 15 activated In response to dlectrophiles and Indwces 1ts target genes by binding to the antloxtdant response element (ARE)
Therefore, the roles of the Nrf2-ARE pathway In liver diseases have been extenstvely Iovestigated. Studies from several animal
models suggest that the Nri2-ARE pathway collectively exhibits diverse biobogical functlons against viral hepatitts, alooholic and
nonalcohollc Iiver disesse, fibrosls, and cancer via target gene expression In this review, we will discuss the role of the Nri2-ARE
pathway in liver pathophysiology and the potentlal application of Nri2 as a therapewtic target to prevent and treat Hver diseases.

1. Introduction

The liver is a multifunctional organ that is responsible for
detoxification and metabolic homeostasis. 1t has two blood
supply sources: the hepatic artery delivers oxygenated blood
from the pemeral circulation and the portal vein supplies
deoxygenated but nutrient-rich blood from the intestinal
region [1]. Many cell types compose the liver. The parenchy-
mal cells, which are the most abundant in the liver, are
hepatocytes (80% by volume) [2]. 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 |2]. 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 afier 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 pro-
duced in liver cells as byproducts of normal metabolism and
detoxdification. Therefore, a wide range of anticxidant systems
have developed in the liver, so that when produced, ROS are
rapidly destroyed [3]. However, sustained and excessive ROS
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cause cellular damage and have been linked to a variety of
liver diseases. Viral hepatitis and alcoholic or nonaleoholic
steatohepatitis are the 3 major causes of chronic liver diseases,
which are highly associated with oxidative stress, lead to liver
fibrosis, cirthosis, and end-stage hepatocellular carcinoma
{HCC). Therefore, it is generally sccepted that oxidative stress
plays a key role in promoting the progression of these liver
diseases [4].

Elevated ROS and dectrophiles induce a series of antioxi-
danit peries through the activation of antioxidant response ele-
ment (ARE) to protect cells against oxidative stress [5]. ARE-
containing gene expression is primarily regulated by NE-E2-
related factor-2 (Nri2), a member of the capncollar family of
bZIP transcription factors [6]. Nri2 is activated in response
to oxidative stress and electrophiles in a variety of tissnes
and cells and plays a role as a multiorgan protector through
target pene induction [7]. Keapl is a negative regulator of Nri2
and acts as an adaptor protein for functional E3 ubiguitin
ligase complex with Coll and Rbxl [8, 9]. In agreement with
that, Nrf2 is constitutively sccumulated in nuclei in Keapl-
knockout mice [10].

N2 activation is observed in nonparenchymal cells
induding hepatic stellate cells and Kuptfer cells as well as in
parenchymal hepatocytes [il. 12]. Moreover, many kinds of
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Red ginseng extract protects against carbon tetrachloride-induced liver
fibrosis

Sung Hwan Ki', Ji Hye Yang', Sae Kwang Ku', Sang Chan Kim', Young Woo Kim™, and 11 Je Cho™
'College of Pharmacy, Chosum University, Gaangju $01-759, Eorea

Medical Research Canter fior (lobal Herbal Formmlation, College of Korean Medicine, Deagn Hasny University, Gyeongsan
T12-715, Eorea

Floresn red ginseng. the processed root of Pamer giseng Meyer, has been frequently used for various therspeutic purposes
in oriental medicine, The present stady imvestizated the possible effect of Korean red ginseng extract (RGE) for the meatment
of liver fibresis in mice injected with carbon tetrachloride (CC,) for 4 wh. Liver injuries were assessed by blood biochemisoy
and histopathology in mice weated with CCl, alone or CCL+ RGE (30, 100, and 300 mz'ks). Concomitant meatment with R.GE
amd (CC, (three tmes'wk for 4 wh) effectively imhibited liver fibrosis as evidenced by decreases m plasms alsmine and asparates
amunoransfierases, 3 well as by the percentages of degenerative regions, mumbers of dezenetatve hepatocyies, and collazen
acoEmmlation in hepatic parenchyms. Trestmens with CICL, for 4 wik moressed mBMNA levels of mansformineg srowth factor Bl and
plasminegen activator inhibitor 1 i fibrogenic lver, whereas RGE (30, 100, and 300 mzkg) sisnificandy bocked the induction of
fitrogenic genes. by CCl,. Similarly, RGE also prevented ransforming growth Sctor §1-mediated induction of fibrogenic genes in
Imman hepatic stellate cell lines. More inpontantly, F.GE markedly reduced e mmiber of o-smooth mmecle actin-positve cells in
Tiver tizsne. This smdy implies that RGE efficacionsly protects azainst the Hver fibnosis induced by chronic CC1, reatment and may
therefome have potental to meat liver disease.

Keywords: Pouex sinseng, FKorean red ginseng, Liver fibrosis, Transforming srowth factor Bl a-smooth nmscle actin

INTRODUCTION

Liver fibrosis is the pathophymiclogical response m
the Iner to a ine of m=ults such as toooe, mfechous, or
metabolic agents [1]. Hepate filvosis 15 charactenzed by
excessive accummiation of extracelllar matnx (ECA)
inchudimg collagen, which 1= found 1n most types of
chromic Iver disesses [1.2]. Acomnulated ECM protems
form a fibrows scar that contorts the architechme of the
of the liver, followed by cnthesis, whach 1= defined by

the developmeent of nodules of regensrating hepatocytes
[1.7]. Cinhosis mduces bepatocellular dy=funchon and
oy result in hepatocellilar caremoma, which 15 one of
the most common cancars worldwide [3.4]. Despite the
mportance of Iner filvoss m noman bealth there 1= no
efficient apent for chmeal appheation to mhibet the pro-
greszon of lver fibroms yet.

It has been shown that carbon tetrachloride (CCL)
has been wsed to mduce biver mpry m vanous anmmals

@Th.isjsmﬂpm}amnn astichs distribeabed undar the terms: of e Cre
ative Commons Asyibretion Noz-Commesrial Licemss (hitps' omativecon:-
IO mg'hmhrm] ':".I 'n'h.h:hpm unmstricted noo-commamisl
usa, diverk = tion in 2y eedim, provided the original
w:l‘:u.pth ahd.

{Z/Collection @ chosun

Eeceived 17 Fal. 2012, Rewized 11 Sop. 7012, Accepted 11 Sop. 2012

"Corresponding suthors
E-mail- skal0?3Fdhe ac kr, yukimiEdm ac kr
Tal: +82-53-B19-1B62, Fax: +£2-1-53-E19-1B60

mop



Toxioodagy and Applisd Phanmanedegy 271 {200 ) 55-105

Toxicology and Applied Pharmacology

journal homapage: www.alseviar.com/locate/ytaap

Contents fists available at SoiVerse SciencaDvaat

Resveratrol inhibits LXRa-de pendent hepatic lipogenesis through novel

@

antioxidant Sestrin2 gene induction
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ARTICLE INFO ABSTRACLCT
Amice higory Liver X recepror-ce (L{Ra) 2 member of the nucles receptor superfmily of ligand -activabed trams aaption
Razabmd 34 Lcry JOL Factors, regulaes denove faty acd synthesis thatleds to stimulae hepatic steasis. Alhough, msveratrol
Eﬂﬁiﬂmﬁj ha benefical sfecss an methalic dissase, it is not known whether resveramal affecs (R -dependent
e pand "P"!m . lipagenic gene scpression. This sudy imeestigged the effect of resventm] in L{Re-medisted ipogenesis and
AR the undedying maleoulx merhanism. Rewveraral inhibied the shility of LX¥Re to adivase seal regulsary
Kepward: element bind ing progin-1c Mm-]cjm.mh.}w mgt@ﬂr.mmh}l.qu:bqnﬂm.
r— mesverairal demeased Lie-R¥Ro DNA binding achivity and L¥RE-lucferase transactivation. Resveratral is
Hspaic kot Imiowm to actnate Sirtuin 1 [ St} and AMP-actvatesd pratein kinzse (AMPKL akhough its predse mechanism

Sresall regelEney element binding poaein-Ic
Liver X moepand- o
Sesmin

of action remans amtoversial. We found tat the abilty of rewveramol to repress TES013 17-induced
SREBP-1c expression wa not dependent on AMPK and Simtl. i &5 well esablished that hepatc seamss &
amsocized with antioddant and redox sigaling. Cur datashowing tha expression of Sectrin? | Sexn 2), which
is anowve amiocidant gene, wx sgnificantly down-negulater in the lvers of high- & diet-fed mice. Maoreover,
resveraitol up-regulsted Sen? expremion baut not Sesnl and Sesnd Sesnl owerexprestion represeed
LR activated SREBP-1c expession and LRE-ludierse activity. Fnally, S=n? knodudown using sikMA

ahalished the effect ofresveratrolin L e-ndumed FAS hdlerase gane tenscivaton. We concude that remer-
atral affers S=nd gene induction and contribu s to the inhibition of L{Koe-medized hepatic ipogenesic.

D 201 3 Eleevier Inc. All nights reserved.

Introed wetion

Nonalcalolic ity liver disexse [NAFIDY), a nising workdwide prob-
lem, i one of the most common lver diseases and i defined as a0
sooumlation in mone than 5% of he patocytes. There are diverse cases
ol Gty Hwer; however the two most comman Tsciors ane alohol and
metabalic syndrome, such a5 obesity, insulin resEmnce md candiovas-
cular disexse Although simple ity liver itsell may be onsidensd a
benign disonder, it can progres to hepatis, fbrosis and eventwally
lesd to irveversille end-stage liver diseases such a5 cirrhosis and 1iver
cander. To anrol the onset and progression of famy liver, it is necessary

Ay i WOT, Aceryl-Com carboogylace; AMIFK, AP achared proresn ina se;
D AMIP, Doimilng - Desga e AP acTha e panaein Kb se; FAS, Farry acid syncase;
PR, Famemad X recspron; GRH, ghratione; HED, Highfir der, DR, v X
e - INEE, Lver X moepins sheme e, NARLD, Mosaloohalic iy e dise se;
MASH, Noralboboli searchepaseis N2, NF-Elrelrsd tater 3 PR, pegans X
receror; BOS, Reacve otpgen speces; BXE, Retnoad X rece o S00-1, Srangyiiod
s e se- I Seon, Secerin; S, Siin | SESR. i, el reguleney slemen binding
- i TORO, TSI 1T,
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o understind and determine the concise machanism of lpogenesis in
hepamaytes In the regulaton of lipogenesis, dve muclear recepior lver
X recepor-a [ LR ), & member of te orphan muclear receplor super-
family of |igand-soivated rranscription erors, serves as & lipid sensor
that imreases liphd symhesis in the lver { joseph et 2l 202 ) and regu-
latess insulin-s 0 mulated lipogensss [Chen et al, 2004

LR activation regulstes cholestenol homestasis via its target
gene expiession [eg, CYPTAL ABCAL ABCGL) assacisted with cho-
lesteral conversion into bile acid and chaleserol efffux [Repa and
Mangelkdorl 2002, Fhao and Dohlman-Wright, 2000) In addition,
LiRa activation resulls in hepatic steatosis and hy pertrighy e mia
througlh de nove farty scid synthesis because this receplor increxses
the expression of lipogenic genes induding lamy acid synthase
{FAS), acetyl-CoA arwoylxse [ACC) and stearayHCoA desatir ae-1
[SCD-1) (Grefhorstet al, 2002; Schiliz et al, 2000). Steral regulstory
element binding protein-1c (SREBP-1¢) & a very important target
gene of LXRex activation | Repa et al, 2000) and ks a key ransaription
Tacvor of lipogenic gene expresion & described sbove [Steflensen and
Gustafson, 2004) Therelore, the LR~ SREBP-1c axis is an SITractive
targetfor the prevention andor treatment of hepatic s X0&s

Resveratrel (3,45 trihydrocystibene) is a namral polyphenolic
com ponent synthesized in grapes and has diverse beneficial effects
including antiooddant, anti-tumos and anti-inflammatory sdivitdes
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cyclooxygenase-2 expression in macrophages
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Dhhydro aremisinin (DHA) 2 semi-gynthetic dervative of artemisinin. isolated from the traditona] Chi-
nes= herh Artemizia annua L, has recently besn shown to pessess antiumaor aothvity in vamious cancer
=llx. However, the =fedt of anti-inflanmatory potentials of DHA 0 murine macrophags RAW 364 7 cells
has not been studied. The present sudy meesitigated the effed of O0X-2 and maolso br mechanisms by
DHA in PMA stimud 2ied RAW 2647 cells. DHA dos e dependentl y deoreamsd P MA-ind uosd O00-2 sxprnes-
sion and PGEx; production, as well as O0N-2 promoter-driven ludferase activity. Addifonally, DHA
decrmsed luciferse activity of C0-2 regulation-related transcription fciors including NPkl AP-1,
CJERF and CREB. DHA also remarkah by reduced PMA-induced phS, CERPHL c-junand CREB nuclear trans-
location. Purthermare, DHA svidently inhibitsd PMA-induced phosphorylation of AKT and the MAP
Knases, such ax ERK, |NK and p38. Taken together, owr data mdicated that DHA effectively attenuaies
{0X-2 production via dowm-regulation of AKT and MAPE pathway, revealing pantial moleoular basis

for the anti-inflemmatory properties of DHA

= X013 Exevier Ltd All ights reserved_

1. Pmtrosdu ction

Artemisinin, an eflective antimalarial drsg, i isolated from tee
traditional Chinese herh Amemiin anma L dilaedroarte misindn
(DHA L the main active metabolite of artemisinin denvatives, has
exhibited the strong anti-cancer effects among the derivatives of
artemisinin (Dhingia et al, 2000: Fhow ot al, 2005). Many stisdies
have shimvn that DHA inkibits cell praliferation induces cell cycle
arrest, and promotes apopioss in heman cancer cell lines | Efferth
et al_ 2001 Lee ot al, 2006: Singh and Lai, 2004). Recent hy path-
esis has been suggesting that aremisinin and its derivatives may
be uselul &5 anticancer drogs | Chansrved] et al, 20010) Previows
shsdies have shown that anemisinin inhibited tee production of
nitric oxide amd the expression of several pro- inflammatory cyio-
kines and matrix metalloprobeinases (Hwang et al_, 2000; Wang
el al_ 2009 However, the effect of these anti-inflammatory prop-
erties and the signaling pathway of DHA remain unknown

In experimental practice, RAW 264.7 mouse macrophage cell
line stimulated by PMA s widely used as the inflammatory cellular

* Cormspanding anthom Tel: 52 42 821 595 (HE. Jeong), tel: +£2 53 £10
2219 (T.C Jeang)
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e
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made] to study the effect of ant-inflammatory drogs and herbs
(Han et al_, 2008 . Macrophages play an imporant rode in inflam-
matory disease through the release of cytokines such as TNF-a,
IL-1 . IL-&, nitric osdde and other inflammatory mediators (Cous
seirs and Werly, 2002 | Cycloamy genase [(D0X ) catal yres the oofner-
sion of arachidonic acid to prostaglandin B2 in the first step in the
biosymithesis of prostamoids. There are two types of 00X isaloms:
O0X-1 and OOX-2. COX-1 i35 canstitiatively expressed in most Gis-
siees, while DON-2 expression is indioced by several stimali, such
X mitogens, cytokines, and tumor promoters (Aggarwal et al,
2006 Inchscible C0X-2 may be responsible for the high prosta-
glandin lewels frequently observed in inflammatory pathaogy
{Jueng et al_ AT

Macrophages stimulsted with phorbal 12-myrstate 13-a0etate
(PMIA) have been wied a5 2 model 1o overexpress the C0X-2 rolein
the cell differentiation. PMA-indsced C0X-2 promaler activity re-
quires several enhancer elements including nuclear factor-kB
[NF-KB, -223/-214), CCAAT/enhancer-binding protein (CfEBP, -
132/-124), and activator protein 1 (AP-1)cyclic adenosine mono-
phasphate | CAMP -response element (CRE, -59/-53), which are
important for regulating its transcription (Saunders et al., 2001,
Schroer et al, 2602) In addition, O0X-2 expression also activate
muiborgen sctivated protein (MAP) kinases (Han et al_, 2008] MAPKs
amt Akt have been extensively studied relative o their regulation

P
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1-Bromopropane up-regulates cyclooxygenase-2 expression via NF-kB
and C/EBP activation in murine macrophages
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1-Bromaopropane {1-BP) has been msed in ndustry as an altermative 0 orone-depleting sohents. in the
present siudy, we sxamined the offsct of 1-BP on cpd omoygenases-2 {O00-2) gene expreszion and ana-
hyzed the molemlbar mechamizm of #s activity in mumne RAW 2647 maoophages. 1-BP doe

dependently mormsed COX-2 profein and mEMA levels, & well a5 02 promoter-dn ven Iucifease
activity in maaophages. Additionally, expasure to 1-BF markedly enhanosd the production of prostaglan -
din Ez (PGEz ), 2 major (02 metabalite, in macrophages. Transisction experiments with several human
(0X-2 promoier constructs revezled that 1-BF adbivabed the transcription fagors nuclear factor-xl
(M F-xB) and CCAAT[en hanoer-hind ing protein (CfE BPY, but not AP-1 ar the cychc AMP response elanent
binding protein. Purthermane, Akt and mitogen-activated protein (MAP) kinases were significantly act

vaied by 1-BP. These results demonstraied that 1-BP mducosd (OX-2 expression via NF-xB and C/ERP
artivation through the Akt /ERK and p38 MAP kanase mathways. Thes=findmgs provide further m=ight inin

the signal tansdudtion pathways imolved in the inflimmatory efiscts of 1-RF.

@ 20112 Esevier Ltd Al rights reserved .

1. btrosdu cticn

Cyclomy genase (000) catalyzes the synthesisof prostaglndins
(PGs) from arachidonic acid. The two OOX soxymes are encoded by
separate genes, CO0X-1 and COX-2. The COX-1 istzyme is 3 house-
keeping protein that is present in most tassses and catalyzes the
synthess of PGs for normal physiological functions. In conrast,
COX-2 is mob present under nomal physiological conditions, bt
is rapidly indwced by variows temor promoters, growth factors,
bk mes, i togens, and canci nogens in various cell types (Prescolt
and Fitzpatrick, 200400, Induecible 00X-2 oould be responsible for
thee high prostaglandins observed in much inflammatory patho ogy
{Prescott and Fitzpatrick, 20001 1n the COX-2 gene, promater ele-
ments emable binding of nuclear factor- kB (NF-kB, -223/-214)
CCAAT fenhancer-binding protein (C/EBP, - 132/-124), and setiva-
ter protein 1 (AP-1)cyelic adenosine monophosphate (cAMP)-1e-
sponse element (CRE. -58)-53)1 which are imporiant for
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regulating its transcription (Han el al, 2008a). NF-xE and C/EEP
are known o regulate the ranscr ption of the COX-2 gene in mac-
nephage-like cells (Wadleigh et al, 20000 A CRE binding site is ne-
quired for induction of COX-2 expression by viral oncogenes and
mitogenic factors in murine cells ( Thomas e al, 20000 AP-1 is a
transcription factor that has been shown to play a eritical role in
PRORCL i carcinogenesds | Han et al, 20063 ). However, the relative
contr bution of the variows promoter elements to O0X-2 ranscrip-
ton in macophages & not yet completely understood. Several
inflammatory stimuli that indisce COXN-2 gene expresion ako
activate mitogen-activated protein (MAP) and PI3K/AkL kinases
{Pommery amd Hén chart, 20051 MAPkinases are ser nefthreomine
protein ldnases that goven varows cellular processes, including
cell  growth, proliferation,  differentation, and  apoprosis
(Whitmarsh amd Danis, 1996 MAP kinases can be divided into
three main subfamilies: exracellular signal-regulated kinase
(ERK), c-Jun N-termimnal kinase (JNK) and p3R PI3K 5 a hetemdi-
meric protein that consists of a catalytic subuwnit (p11W0) and 2 reg-
ulatory subimndt (p85); PISK signaling is frequently deregulated in
carcintge nests (Roymans asd Slegers, 2001 | The ser wefthrasnine
kinase Ak is activated downstream of PIK and has 2 well-estab-
lished role in promoting cell survival (Franke et al, 20031 Here,
we hypathesized that the MAP kinxses, Ak signaling pathways,
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Psidium guojoea (F. guojgun) is a food and medicnel plant with antiooddamt, amti-
inflarmmatary, and anti-allergic activities that swpport its rediGonal uses. The aim of this
study was to determine the effects of P. quojoma sthyl acetate extract [PGEA} on atopic
dermatitis and to investigate the possible mechanisms by which PGEA inhibits cytoldne-
induced Th? chemaokine sxpression in HaCaT human kematinooyts cells. We foond that PGEA
suppressed the [FN-wWTNF-a-co-induced production of thymus and activation-regulated
chemokine (TARD) protein and mRNA in HaCaT cells. Additionally, PGEA inhibited the THF-
w/[FN-y-co-induced activetion of NF-«B and STAT] and increased the expression of heme
oxygenase-1 (HO-1) protein and mRNA . HO-1 inhibitor enhanced the suppressive effects of
PGEA on THF-n/TFN-v-co-indwosd TARC production and gene expression. Collectieely, these
data demonstrate that PGEA inhibits chemakine expression in keratinocytes by indudng
HO-1 expression and it suggests a possible therapeutic application in atopic dermatitis and
other inflarmmmatory skin diseases,

© 1011 Elsevier BV All rights ressrved.

1. Introduction

Skin inflammatory processes are highly dependent on
Th2? chemokine family (Pivarcsi and Homey, 2005). The
chemokines are a superfamily of small cytokines that regu-

Atopic dermatitis is 3 complex eczematous skin disease,
aocompanied by severe itching, that is affectad by both genetic
and environmental factors (Lee et al, 2007} Atopic dermat-
tis is estimsted to affect approximately E-25% of the human
population worldwide, and its Inddence is increasing (Weston
and Howe, 2008). The inflammatory infiltrates in skin lesions
consist not anly of lymphocytes, but also of macrophages,
easinophils, mast cells, and Langerhans cells (Rudikoff and
Lebwohl, 1958; Areuer et al, 3006}
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late trafficking of varous types of leukocytes (Qi et al, 2009).
Thymus and activation-regulated chemokine (TARCCCL1T), 2
Th2-type CC chemokine, is constitutively expressed in the thy-
mus and is also produced by keratinocytes (Vestergaard et al.,
1939), dendritic cells (Imai et al., 1906; Sallusto at al, 1998),
endothelial cells (Campbell et al, 1939), bronchisl epithelial
cells (Sekiya et al, 20009, and fbroblasts (Yu et al, 2002). TARC
is a ligand for CCR4, which & predominantly expressed on
Th2 lymphocytes, basophils, and natiral killer calls (Sallusto
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Argcls Marg Peymius erpngil is an edible mushroom native to Europe, the Middle East, and Marth Afric, and i also
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growm in parts of Asiz. The present study inwvestigated the ant-allergy potential of P enpngi extract
(PEE} in amti gen-stimulated REL-*H3 mast o=llx PEE inhihited 2lergy markers, induding rdease of hex

ominikkse and histamine, in antgen-sensitzed BBL-2H3 cells. PEE also suppressed the expression and
production of interleukin-4 and reduced antigen-induced NPAT and NP-xB transociptional actiity in

ﬁ“"?‘" . atigen-semsitived mast cells. Moreover, PEE derreased the levels of proinflammatory cytokines and
— “."":‘;“ CT1H- 2 and iNOIS excpressian in antige -sensitiz=d mast cells_Finally, FEE suppressed antigen-i nduced sig-
s cdkﬁ‘: mal protein phosphory lation of Lyn, PLCy2, PEKC Akt, and MAF ldnases. Taken ingether, these results sug
4 gest that P. syngdl extract may provide insight into the prevention and treatment of allergic and
] iflammatary dissases

COK-2 &= 2011 Hsevier Ltd. All nghis reserved.
1. Totrosdu ctiom Triere'w01&]Efgkmduw§fmmmﬁ[mhﬂﬂbesﬁm—

Mast cells are a major source of inflimmarory mediators,
incheding preformed mediators stored in secretory gramdes, cylo-
eimes, and 1ipd d-the rived @icosanddds | Thomaas, 2000 | After soimu la-
ton with antigen, mast cells release f-hexosaminidase 3 marker of
muast cell degramelytion, and variouws allergic mediators such as his-
tamine, cytokines, and arachidonic acid derivatives ( Gitfillan and
Thaceyk, 2006 IgE-induced melease of inflammatory mediators
from mast @lls cases the immeadiate sympioms of allergic dis
eases, including asthma, stopic dermatits, and atopic eczema
(Wedemeyer e al, 2000 Inber euldn (1L}~ is essential for 1gE pro-
dusction (Kuhnetal, 1991) and promotes the switch from nafve T
cells oo Th2 aells (Hines, 2002 )

The activation of mast cells is indueced partislly tlsough the
imchaction of msclear factor kB | NF-kB) and nuclear fictor of act-
vated T-cells (NFAT) by antigen (Salto et al, 20001 NF-kBE is a
key transen ption factor and regulaes the expresson of penes in-
volved in immune and inflammatory responses (Manguards and
Walker, 2Mpy)L. NFAT is a transcription complex and is required
for the trangen prional regulation of immuane responses and cyto-
kimess (Palandd, 20602 ).
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lated through the antigen-indisced ageregation of receplors with
Iigh affinity for gE (Fee RIL This leads torhe activation of signaling
pathways that initially depend on an interaction of FeeRI with the
Src knase Lyn amd subsequent downstream activation of Syk and
other fyrosine kinases [ Gilfillan and Tkaczyk, 2006 |. Degran ulation
of mast cells stmulsted with 12E i markedly impaired, as is the
activity of the downsiream signaling mokecules phosphati dyl inosi-
1o 3-ldnase | P 3-kinase ) and Akt (Fukao et al. 2003 ). Furthermane,
mitogen-activated protein kinase (MAP Knase) signaling cascades
are imporant in the differentiation, activation, prolileration,
degran ulstion, and migration of variows immune cells, including
mast calls (Dian and Wong, 20061 MAP kinase sianaling modiles
are divided into at least three growps: extracellslar signal-regu-
lated kinase (ERKL p38 MAP kinase, and c-]un NH,-terminal kinase
(MK

Several studies have reported that mast cells (Matsui et al,
2000 relesse reactive oxygen species (ROS) into the esxtracel lular
miliew in response 1o 2 range of stimuli, and ROS from mast cells
are involved in allergic inflammation (5 pringer et al_ 2007 Cyclo-
oy genase | D0X) is the key enzyme responsible for the conversdon
of arachidonic acid, via oxygenation, to prostaglanding (PGs)
which are pleistropic mediators of immune responses (Hine and
Brune, 2002 ). 00X-2 & inducible and plays 2 rode in inflammatory
cells such as macrophages, Ebroblasts, and endothelial cells (Lim,
2000 Like O0X-2, inducible nitric aoxide synthase (iND5) & ako
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ARTICLE INFO ABSTRACT
Argici kidary Pridium guaiava (F. gugiava) is an important food crop and medicdnal plant with antiocidant, anti-
Revsvad 24 July 2010 inflammatary, and anti-allergic activities, supparting its traditional wses. However, its predse effeds
e a2 Krintisr M remain unknown W investigated the sfeds of P gumiave sthyl acstate extract {PGEA)on | gE-mediabed
dlergic responses in rat mast KBL-2H3 cells PGEA reduced antigen (DNP-HESA)-mducsd release of ji-
hexosaminidase and histamine in lgB-sensitized REL-2H3 cells In addition, it inhibited antigen-inducsd
Keyunaty IL-4 and THF-x mFNA sxpression and protein pradudtion in IgE-sensitized REL-2HY c=llx. PGEAalso sup-
ms;:’;;hm presed antigen-induced (-2 mEMA and protein expresion in these o=lls, ax well 25 antigen -induosd
[ artivation of NFAT and readive axypen species. Moreover, it inhibited antigen-induoed adtivationof NP-
s x8 and degradation of hel-= To identify the mechanisms under pinning the inhibiton of degramulation
MF.uB and oytaldne production by PGEA, we examinsd the actvation of ntracellular Fodt] signaling malscules.
Sy PCEA suppremed antigen-induced phosphorylation of Syk. LAT, Gab2, and PLCy2 gt not lyn, and
inhibited antigen-inducsd phospharylaton of downstem sigmaling intermediates inchding MAP
knases and Akt Colledtively, the anti-allergic effeds of PGEA in vitre sugpest its possible therapeutic
appliction to nflammatary allergic dis=ases, in which its inhibition of inflammatory cytokine production
and PRl-dependent signaling svents in mast cells may be hugely bensficial
& 2010 Elsevier Ltd. All rights ressrved.
1. Introdu ction activate immunoglobulin E (IgE) and mediate sosinophilic re-

Mast cells are secretory cells that are central o specific and
innate immunity, allergic responses, and inflammation (McDer-
mottet al, AW03; MicLachlan et al_, 2008 | They also play an impor-
tant role in indtiating and perpetwating inflammarory responses in
allergic reasctions by secreting lairge amounts of cytokines such x
interdeukin-4 {IL~4) and tumor necrasis Lotor (THF -2 {Bradding
e al, 1984 In response to antigen stimulation, naive T helper cells
differentizte into at least two types of effector celk, dassified
scconding to their distinet partems of cytokine expression, as well
a5 e r i e rent e fects on ongoing immune responses (Kiand e al_,
1997, The hallmark of T helper 1 (Th1) cells s the secretion of
interferan-y (IFNyL which primarly promotes cell-medisted
immunity, while Th2 cells secrete 1L-4, IL-5, IL-10, and 1L- 13 amd
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sponses. 110 i5 essential for KE production (Kuhn et al, 1991)
aml promotes the differentistion of naive T cells into Th2 cells
(Himes, 2002 ). It also acts a5 & mast cell growth factor in vitm
and dow n-regulates high-affinity 12 receptor { FoeRl) expression
on mowuse bone mamow-derived mast cells (Bischofl e al, 19959
The activation of mast cells by antigen is partially realized throwgh
the indisction of muclear factor kB (NF-kB) and muclear factor of
activated T-cells (NFAT) (Saito et al, 2009 NF-kB is thowght o
play an imporant role in the regulation of proinflammatory cyto-
kines, nviably THF-2, IL-6& and IL-8 (Salamon et al, 2005 It i &
transcription factor that regulates the expression of genes involved
in immiene and infla mmatory res ponses that invohe inflammatory
cytakine production (Manguardt and Walker, 2000 NFAT is a
transcription complex believed to mediste the final step in the
signal transduction pathway linking T-cell receplor engagement
with the expression of IL-2 ( Hutchinson and MoCloskey, 19951

In cultured mast celks, inclisding the well-shisdied REL-2H3 ceall
line, free arachidonic acid & rapidly metabolized to prostaglandin
by cyckumygenase (COX) during allergic reactions (Hundiey
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o,p'-Dichlorodiphenylitrichloroethane (op’-D0T) i= a DOT isomer and xencestropen that can induce
inflammation and cancer. However, the effect of o,p/-D0T on aromatass is unclear. Thas, we imvesti-
gated the effects of op’-D0T on aromatase expression in boman breast cancer cells. We also examined
whether opclooxygenase-2 (C0K-2] is imvolved in o,p"-DIT-mediated aromatass expression. Treatment
with o,p"-D0T-induced aromatase protein expression in MCF-7 and MOA-MB-231 human brezst can-
cer cefls; enhancing aromatass gene expression, and eneyme and promoter activity. Treatment with 101

ﬁ;‘_":uirk |E2 7B, a estrogen recepior antagonist, did not affect the nductive effscts of o,p'-D0T oo aromatase
PondiE expression. In addition, o,p’-D0T incressed C0X-2 protein levels markedly, increassd COX-2 mRNA
g expression and promaoter activity, enhanced the: production of prostaglandin Bz [PGE; ) induced cyclic
Breast cancer AMP response element (CRE ) actiwation, and cAMP k=vels and binding of CRED. o,p-DDT also increassd the

phosphornylation of FEA, Akt, ERK, and JNK in their signaling pathways in MCF-7 and MDA-MB-231 cells.
Firzlly, a,p'-D0T induction of aromatase was inhibited by various mbibitars [C0K-2 (by N5-398), PKA
[H-85, PI3-KJAkt (LY 394007), EF2 (AHERDG), and EP4 receptor {AH23B48)] Together, thess resulits sug-
pest that o,p-DDT increases aromatase, and that o,p'-D0T-indwced aromatase is correlated with COX-2
up-regulation, mediated via the CRE activation and PEA and PI3-kinasef Akt signaling patiways in breast
cancer cefls.

2 2010 Elsewier Ireland Lid. AR rights reserved.

1. Introduction

Breast cancer is one of the most common types of cancer
among women throughout the world and it & the second lead-
ing cause of cancer deaths among women. Most breast tumors are
hormone-dependent and express estrogen receptors; their growth
s regulated by potent estrogenic hormones, such as estradiol. The
enzyme responsible for the production of estradiol is aromatase,
a member of the cytochrome P450 family of emzymes (Brodie et
al, 1998). Aromatase is encoded by the C¥P19 gene and is reg-

Abbrevintionr CHE, cydic AMF response element: C0X-2, cydoouygenase-
I ER, sstrogen recepbon: or-DOT, ogr-dichlorediphenylirichiomethane: PCEz.
prsstaglandin Ez.
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ulated in a complew. tissue-specific manner (Bulun et al. 2003,
2004; Simpson, 2004]. In breast tumars, aromatase is stimulated
through cyclic adenosine monophosphate (cAMP-mediated path-
ways (Zhao et al., 1996; Sebastian et al, 2003; Zhou et al. 2001;
Bulun et al_, 2003, 2004; Simpson, 2004). Another factor that has
been shown to regulate the activity of the aromatase ez yme is the
bivactive liped, prostaglandin Ez (PGEz) PGEa is formed through
the activity of the cyclooxygenase-2 (0DX-2) enzyme, which cat-
alyzesthe rate-limiting step in the biosynthesis of prostanosd s from
arachidonic acid (Hla et al., 1999; Simpson, 2004). Recent studies
have demanstrated that COX-2 is produced in most human breast
tumors with invasive characteristics, regardless of their hormone
receptor status (McoCarthy et al. 2006), suggesting that COX-2 may
play a more central role in mediating breast tumor development
and progression than was previouwsly believed The observation that
human breast tumors overexpress COX-2 is consistent with the
findings that a wide variety of human tumors of epithelial origin
exhibit increased expression of 00X-2 mEMA and protein and pro-
duce high levels of PGE;. Furthermore, COX-2 is up-regulated in
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