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Abstract

Ha, Su Jeong
Department of Agricultural Biotechnology
The Graduate School

Seoul National University

Excessive ultraviolet (UV) exposure can cause acute skin inflammation and chronic
exposure has been linked to skin cancer. While dependent on genetic factors and lifestyle
choices, repeated exposure to UV irradiation generally results in the appearance of irregular
brown spots and wrinkle formation, collectively referred to as photoaging. The transcription
factor AP-1 plays a critical role in these processes via regulation of mmp-1 and cox-2 gene
expression, respectively. Due to the fact that AP-1 is a central mediator of UV-induced
photoaging and inflammation, the development of analytical tools that efficiently screen
compounds that can inhibit AP-1 activity represents a potential strategy to develop new anti-

photoaging and anti-inflammatory agents.

To screen effective anti-photoaging and anti-inflammatory agents, | generated
immortalized human keratinocyte HaCaT cells stably transfected with an MMP-1 promoter
and after selection with puromycin, | confirmed that HaCaT cells were successfully
transfected with the pGF1 vector containing the MMP-1 promoter. To determine the optimal
conditions needed to assess MMP-1 promoter activity, | investigated different doses of UV
and incubation times. The reporter gene assay revealed that 0.04 J/cm? and 5 h were the
optimal conditions for activating the MMP-1 promoter. Using these cells, | screened 99

|



botanical extracts of interest. 9 botanical extracts showed UVB-induced MMP-1 promoter
binding activity inhibition. Rhus javanica extract (RJE) and Curcuma zedoaria extract (CZE)
were identified as the most potent anti-photoaging material, suppressing UVB-induced
MMP-1 promoter binding activity by 80.9% and 75.8%, respectively. Furthermore, the

viability of HaCaT cells did not show signs of cytotoxicity at 25-100 pug/mL concentrations.

Evaluation of varying RJE concentrations on UVB-induced MMP-1 promoter
binding activity and cell cytotoxicity revealed that RJE inhibits UVB-induced MMP-1
promoter binding activity in a dose-dependent manner. | further observed that RJE
suppressed UVB-induced MAPKSs and AP-1 signaling cascades in HaCaT cells. Experiments
using the SKH-1 hairless mouse model revealed that oral administration of RJE significantly
suppresses UVB-induced wrinkle formation, as well as COX-2 and MMP-13 expression in
mouse skin. These findings suggest that RJE is a potent anti-inflammatory and anti-

photoaging agent that inhibits COX-2 and MMP-1 expression.

Several experiments confirmed that CZE significantly suppressed UVB-induced
COX-2 and MMP-13 expression in HaCaT cells. My Western blot results showed that
phosphorylation of all three MPAKK/MAPKSs were suppressed by CZE. Additionally, CZE
strongly suppressed UVB-induced Akt phosphorylation as well as EGFR and Src
phosphorylation in HaCaT cells. Using an SKH-1 hairless mice model, | determined that
CZE prevented chronic UVB-induced wrinkle formation. Immunohistochemistry and
Western blot assay results showed that CZE significantly suppressed UVB-induced COX-2
and MMP-13 expression in vivo. Among the specific compounds present in CZE, curcumin
was found to exhibit the strongest inhibitory effect on UVB-induced MMP-1 promoter

activity.

Among the RJE compounds, syringic acid exhibited the most potent inhibitory effect



on MMP-1 promoter activity. | sought to investigate the inhibitory effects of syringic acid on
UVB-induced skin carcinogenesis. In vitro experiment, | treated human epidermal
keratinocytes (HaCaT cells) with syringic acid and measured the gene and protein expression
levels. Accordingly, | detected the change in ROS due to syringic acid treatment, which was
compared to the effects of the FDA-approved antioxidant drug N-acetyl-L-cysteine (NAC),
which is commonly used to identify and test ROS inducers and to inhibit ROS. Since
NADPH oxidases of the Nox family are important enzymatic sources of ROS, | further
measured the effect of syringic acid on NADPH oxidase activity to determine the potential
targets mediating its inhibitory effects. To evaluate the therapeutic potential of syringic acid,
| conducted an in vivo experiment using the SKH-1 hairless mouse model that received
topical treatment of syringic acid prior to UVB exposure, and compared the tumor incidence

and expression of relevant molecules in the mouse skin.

Key words: Rhus javanica extract (RJE), Curcuma zedoaria extract (CZE), syringic acid,
photoaging, skin cancer, cyclooxygenase-2 (COX-2), matrix metalloproteinase-1 (MMP-1),

epidermal growth factor receptor (EGFR), reactive oxygen species (ROS)
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I-1. Introduction

Based on the recent statistics for cancer, 9.6 million of people are died with skin
cancer (9.5 million excluding NMSC) (Bray et al., 2018). The most frequently diagnosed two
types of skin cancers, collectively known as non-melanoma skin cancers (NMSCs), are basal
cell carcinoma (BCC) and squamous cell carcinoma (SCC) (Fontanillas et al., 2021). Thus,
NMSC is the most frequently detected skin malignancy, which is 40% of all cancers
diagnosed in the US (Lomas et al., 2012), whereas malignant melanomas were detected only
4% of all skin cancers (Didona et al., 2018). BCCs and SCCs are developed from the basal
layer of the epidermis. Although BCCs are slow grown and rarely metastasized, SCCs are
more invasive, and 10% of SCCs metastasize (Bowden, 2004; Matsumura & Ananthaswamy;,

2002).

Among the various factors that threaten the skin’s health, ultraviolet light is the one
that | inevitably encounter in our living environment and has the greatest effect on skin
homeostasis. Epidemiological studies have proven that solar ultraviolet (UV) irradiation is
the most important environmental carcinogen in skin cancer development (Armstrong &
Kricker, 2001). Although UVC is blocked by stratospheric ozone, UVB (1-10%) and UVA
(90-99%) reach the surface of the earth and cause DNA damage, erythema, sunburn,
immunosuppression, and eventually, skin cancer (Fisher et al., 1998). UVA irradiation to
which | am exposed appears to be weakly carcinogenic and causes photoaging and wrinkling
of the skin. UVB is recognized as a complete carcinogen relevant to human skin cancer

(Wlaschek et al., 2001).



Prolonged exposure to UV impairs skin homeostasis and response to environmental
changes, including ROS production, causing the activation of multiple signaling cascades,
which serve to switch on the oncogenic and tumor suppressor gene expression. Although
multiple lines of study proved that antioxidants contribute to the prevention of skin
carcinogenesis, certain phytochemicals with low antioxidant capacity have relatively high
chemopreventive effects and several materials, including vitamin D and lycopene, can act as
a prooxidant. | reported through various studies that phytochemicals can prevent cancer by
acting as inhibitors of oncogenic molecules, Fyn, Src, aryl hydrocarbon receptor (AhR), PI3K
(phosphoinositide 3-kinase), Raf, and extracellular signal-regulated kinase (ERK)2 in vitro
and in vivo. In this study, as molecular targets that can complement the antioxidant activity
and effectively inhibit skin cancer, | selected nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase and epidermal growth factor receptor (EGFR), introducing their role in

skin cancer and various signaling networks.

The sentence “Prevention is better than cure” expresses the importance of prevention.
Therefore, many scientists and laboratories are still trying to develop chemopreventive
materials. However, the effective materials for preventing diseases such as cancer are still
required. By summarizing the results of our research and the results of other scientists, |
would like to introduce materials that can prevent or control skin cancer and skin diseases

through Nox and EGFR regulation.



I-2. Skin carcinogenesis and chemoprevention

Skin carcinogenesis is divided into three stages, including initiation, promotion, and
progression. Skin cancer develops in multiple stages like other cancers. It takes over a decade
for cancer to develop (Blagodatski et al., 2020; Stratton et al., 2000). Chemoprevention refers
to delaying the onset of cancer or returning it to normal through drugs and appropriate
treatment (Savoia et al., 2018). Initiation is caused by acute UV exposure and is characterized
by DNA mutations, abnormal gene activation, or suppression. Promotion is the clonal
expansion of damaged cells through aberrant signaling pathways, which takes a decade. It
involves uncontrolled growth of the tumor and can invade and metastasize to secondary
organs (K. W. Lee et al., 2011; Singh et al., 2014; Surh, 2003). Since initiation is an
irreversible and short-time step (a second or minutes), prevention of initiation using
chemopreventive agents is complicated. Promotion, however, has attracted a great deal of
interest because of its characteristic of a reversible and long period (a decade) (K. W. Lee et
al., 2011; Surh, 2003). In the promotion stage, mutation of the tumor-suppressor gene,
including p53 and hyperactivation of inflammatory transcription factors, such as Activator
protein 1 (AP-1) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB),
and sub-sequent abnormal production of the inflammatory enzyme, cyclooxygenase-2 (COX-
2), and inflammatory cytokines, interleukin (IL)-1pB, IL-6, and transforming growth factor 3
(TGFp). Therefore, multiple lines of study resulting in the development of chemopreventive

phytochemicals have focused on targeting oncogenic signaling molecules.



I-3. Role of Noxs and its down-stream signaling pathways in UV-induced

skin carcinogenesis

Excessive cellular reactive oxygen species (ROS) has a critical role in skin
carcinogenesis via genotoxicity with DNA damages, causing inactivation of the tumor-
suppressor gene and activation of the proto-oncogene and nongenotoxicity through
hyperactivation of oncogenic signaling pathways (Xian, Lai, Song, Xiong, & Zhong, 2019).
Noxs respond to UVB and are essential in cellular ROS production (Sedeek et al., 2013). Nox
is a membrane-bound enzyme, consisting of a catalytic subunit (Nox1 through Nox5, Duoxl1,
and Duox2), p22°", p47°"* p67°" and the small guanosine triphosphatase, Racl. For Nox
to be activated, Nox1-Nox3 need to bind with subunits, but Nox4 is constitutively active, and
Nox5 binds with the Duox enzyme (Geiszt et al., 2000; Helmcke et al., 2009). Nox1, 2, 4,
and 5 mRNA and Nox1, 2, and 4 protein expression were detected, and those are the main
producers of ROS in immortalized human keratinocyte HaCaT cells (Chamulitrat et al., 2004;

T. M. Lee et al., 2011).

Generally, UVB irradiation causes a DNA damage response network that includes
cell apoptosis through excessive cell cycle progression and damage to DNA repair machinery
(Raad et al., 2017). Since cyclobutane pyrimidine dimers (CPDs) are well known for a type
of UVB-mediated DNA damages (Berton et al., 1997; Huang et al., 2017; Pollet et al., 2018),
Noxs-mediated malfunction of nucleotide excision repair, a major proofreading system to
repair the UVB-induced DNA damages, plays a major role in UVB-induced skin
carcinogenesis (Nijhof et al., 2007; Pollet et al., 2018). In a clinical study, it was proposed

that patients taking N-acetyl cysteine (NAC), an NADPH oxidase inhibitor, had the



feasibility to prevent pro-oncogenic oxidative stress in nevi and could alleviate long-term
melanoma risk (Cassidy et al., 2017; Goodson et al., 2009). Chronic UVB exposure to SKH-1
hairless-mice skin led to the development of skin cancer, and topical treatment with NAC
prevented two stages of UVB-induced skin carcinogenesis (Byun et al., 2016). Additionally,
direct inhibition of Nox1 with a specific peptide inhibitor of Nox1 (InhNox1) suppressed
UVB-induced bursts of ROS production, increased nucleotide excision-repair efficiency,
apoptosis in HaCaT cells, and skin carcinogenesis in Xpc wild-type mice (Raad et al., 2017).
These results showed that Nox has a critical role in UV-induced skin carcinogenesis, and it

could be a promising target for chemopreventive materials (Figure 1-1).

UV irradiation and excessive ROS result in mutation of membrane receptor, PTCH
gene, which turn on the activation of hedgehog signaling pathway involved in the
pathogenesis of BCC (Pellegrini et al., 2017). Mutation of p53, tumor suppressor gene, is
often observed in UV-induced oxidized skin cell and tissue (Benjamin & Ananthaswamy,
2007; Herbert et al., 2014). Once DNA is damaged by acute UV irradiation, p53 makes the
DNA repair protein for DNA replication, repair and regulates cell cycle, and activate the
apoptosis-signaling pathways if the DNA damage is irreversible (Benjamin & Ananthaswamy,
2007). Additionally, PTEN, a tumor suppressor gene, regulates PI3K/Akt signaling pathway
through its phosphatase capacity but accumulate UV results in PTEN gene mutation and
subsequent low levels in SCC (Kitagishi & Matsuda, 2013; Ming et al., 2011). Therefore,
damage to the p53 and PTEN caused by ROS makes it difficult to repair DNA damage caused
by UV, leading to skin cancer. Based on the use of a pharmaceutical inhibitor for NADPH
oxidase. Therefore, in addition to directly scavenging ROS using antioxidants, modulating
EGFR, PI3K, Src, and MAPKSs protein activity, such as phosphorylation, will be a significant

strategy to prevent UV-induced skin damage and skin cancer.
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I-4. Role of EGFR and its down-stream signaling pathways in UV-induced

skin carcinogenesis

The epidermal growth factor (EGF) receptor (EGFR, ErbB-1, HER1) and ErbB-2,
ErbB-2 (HER2), ErbB3 (HER3) and ErbB4 (HER4) (Wieduwilt & Moasser, 2008). These
receptors are composed of extracellular ligand-binding, transmembrane, and intracellular
tyrosine kinase domains (Ono & Kuwano, 2006; Seike & Gemma, 2012). Because
hyperactivity and various mutations of EGFR contribute to the development of cancer and
drug resistance, many anticancer drugs are being studied to target EGFR (Albanell et al.,
2002; Herbst & Hong, 2002; Li et al., 2019; Sajadimajd et al., 2020). After the soluble ligand
binds to the ectodomain of the receptor, homodimer and heterodimer formation is provoked.
This step is essential to activate tyrosine kinase receptors, such as EGFR via phosphorylation

of the C-terminal tail.

As a principle of UV-mediated EGFR activation, abnormal ROS production respond
to UV activates a disintegrin and metalloproteinase (ADAM), and cleaves to proamphiregulin,
EGFR ligand, in the cell membrane (Nakayama et al.,, 2012). Additionally, free
amphiregulain bind to the ligand domain of EGFR and subsequent conformational change of
EGFR and activates itself through dimerization (Figure I-2). Activated EGFR regulates
multiple signaling pathways, including p38, c-Jun NH2-terminal kinase (JNK), ERK,
phosphatidylinositol-3 kinase (PI3K)/Akt, and protein kinases C. PI3K/AKkt, all of which are
phosphorylated by UV irradiation in HaCaT cells. Contrarily, UV irradiation results in the
dissociation of AhR and Src complex and Src phosphorylates EGFR at Tyr845, which

consequently increases cyplal mRNA and COX-2 protein expression in HaCaT cells (Lee et



al., 2017). Therefore, UV-induced EGFR activation accelerates multiple signaling pathways
involved in skin carcinogenesis, and once the material can modulate these signaling cascade,

it could serve as a promising chemopreventive material.
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I-5. Role of PTP-k as Nox and EGFR signal transmitters in skin cancer

An early study suggested that hydrogen peroxide causes EGFR activity by inhibition
of protein tyrosine phosphatases (PTPs) because the addition of catalase inhibits EGF-
induced tyrosine phosphorylation of phospholipase Cyl (PLCy1), a physiological substrate of
the EGFR substrate (Bae et al., 1997). Further, several studies proved that ROS produced by
Nox regulates EGFR. Nox4 mediated the oxidation and inactivation of PTP1B in the ER and
switched the EGFR signaling pathways (Chen et al., 2008). Additionally, activation of Nox
by active mutation of TRA4 induced oxidative damage of focal contact phosphatase PTP-
PEST (Wu et al., 2005). Additionally, David et al., described the relationship between PTP
and EGFR by Nox, the signaling network of EGFR, and the interrelationship of the redox
system (Heppner et al., 2016; Heppner & van der Vliet, 2016). Therefore, the interaction of
Nox, EGFR, and PTP-k is a major factor in skin carcinogenesis, and controlling it is a major

approach in preventing UV-induced skin cancer (Figure I1-3).

1



ﬁ Dephosphorylation
by phosphatase (PTPK)

Pl 3- klnase

Akt

¥
%“ D

\\

MLK1/2

/ N\

MKK3/6  MKK4/7

Lo

@@ p38 JNK1/2

Figure I-3. Possible mechanisms of UV-induced skin carcinogenesis.

12

l

MEK1/2

|

ERK1/2




I-6. Preventive botanical extracts and phytochemicals in UV-induced skin

damages by NADPH oxidase regulation

UVB induces Nox expression in the skin tissue, thereby increasing oxidant
production. NADPH oxidase can be assessed directly through NADPH oxidase activity and
can also be evaluated indirectly by measuring catalase (CAT), superoxide dismutase (SOD)
activities, and glutathione (GSH) depletion (Table I-1). To assess whether or not Nox activity
is altered by botanical extract or phytochemicals, the authors measured NADPH oxidase

activity, Nox gp91°"™ mRNA expression, and p47°" translocation in previous studies.

Eupafolin, 6-methoxy 5,7,3".4'-tetrahydroxyflavone, is a major component in
methanol extract of phyla nodiflora Greene (Tsai et al., 2014). Human dermal fibroblasts
(Hs68) treated with eupafolin in vitro had reduced LPS-induced ROS generation via
deterioration of p47°"™ activity and translocation of p47°"™ from the cytosol to the plasma
membrane. The authors have demonstrated that inhibition of LPS-induced COX-2 expression
is mediated by transfection with scrambled siRNAs, targeting cytosolic regulatory subunit
p47""* and membrane catalytic subunit Nox2 (gp91°"®). COX-2 gene promoter contains
consensus binding sites for AP-1 and NF-xB; however, only LPS-induced increase of AP-1
activity with phosphorylation of MAPK was reduced by eupafolin. Furthermore, eight-week-
old male C57BL6 mice were intraperitoneally administered with eupafolin for 30 min, after
which LPS was subcutaneously injected for 24 h. In vivo study demonstrated that eupafolin
led to lower COX-2 expression in the mouse dermis than the LPS-only group. Overall, LPS-
induced inflammatory response in the skin can be attenuated via inhibition of

Nox2/p47""*/ROS/INK/AP-1-dependent pathway.
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trans-Chalcone (Martinez et al., 2017), 1,3-diphenyl-2-propen-1-one, is the
biphenolic precursor of flavonoids in plants, and Lipoxin A4 (LXA;) (Martinez et al., 2018), a
metabolic product of arachidonic acid, is an endogenous lipoxygenase-derived eicosanoid
mediator. In vivo experiments were performed using male hairless mice (HRS/J) treated
intraperitoneally with trans-Chalcone or LXA, for 1 h, after which they were UVB irradiated.
trans-Chalcone and LXA,; can reduce UVB-induced excessive generation of superoxide
anion and gp91”"™* mRNA overexpression. The authors described the relationship between
acute inflammation and oxidative stress via the crucial role of Nox2 and ROS on
proinflammatory signaling cascade as secondary messengers. trans-Chalcone has been shown
to reduce proinflammatory Th2 and Th17 cytokines. LXA, also inhibited proinflammatory
cytokine production and induced anti-inflammatory production. Additionally, the reduction of
epidermal thickness and sunburn cells by trans-Chalcone and LXA, were shown in the skin
of hairless mice exposed to UV radiation. P. pseudocaryophyllus belongs to the Myrtaceae
family and contains flavonoids and other polyphenolic compounds (Campanini et al., 2013).
P. pseudocaryophyllus ethanolic extract (PPE) inhibited UVB-mediated increase of skin
edema, gp91°"™* mRNA overexpression, and IL-1p production, and increased IL-10 levels in
the same model experiment against trans-Chalcone and Lipoxin A4. These compounds and
extracts were suggested to prevent skin diseases, such as oxidative stress and skin

inflammation.

Apocynin, a known NADPH oxidase inhibitor, is an active compound derived from
the roots of the medicinal plant Picrorhiza kurroa (Byun et al., 2016). In vitro, UVB-
irradiated mouse skin epidermal JB6 P* cells were used for the experiment of skin
carcinogenesis. Pretreatment of apocynin suppressed NADPH oxidase activity,
phosphorylation of MAPK and Akt signaling, and COX-2 activity compared to UVB-

induced JB6 P cells. Skin tumors were developed by exposure to UVB within 21 weeks,

|
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whereas apocynin attenuated UVB-induced tumors per female SKH-1 hairless mice. It has
been reported that apocynin lowered NADPH oxidase activity and reduced AP-1 or nuclear
factor-kB (NF-kB) promoter activity, thereby preventing skin carcinogenesis. Thus, the
activation of transcription factors, including NF-kB and activator protein-1 (AP-1), according

to UV radiation can be targeted by botanical and phytochemicals in skin carcinogenesis.



Table I-1. Phytochemicals and their effects on NADPH oxidase inactivation, enzyme activity, and transcription

Names Stimuli Measurement of Nox activity Enzyme activity or transcription factor Target disease Reference
NAIZ?]PH oxidase activity
, p47°"* translocation Phosphorylation of c-Fos and c-Jun L . )
Eupafolin LPS COX-2 expression using knockdown of Nox2 AP-1 DNA binding activity Skin inflammation Tsai etal., 2014
(gp91°P™) and p47Ph>
Myeloperoxidase (MPO) activity
trans-Chalcone v Nox2 gp91P"* mRNA expression Metalloprotgmase-g (MMP-9) activity Sk'.n m_flammatlon Martinez et al., 2017
source GSH depletion Oxidative stress
Catalase (CAT) activity
Myeloperoxidase (MPO) activity o .
Lipoxin A4 uv Nox gp91P"™* mRNA expression Metalloproteinase-9 (MMP-9) activity Skin inflammation Martinez et al., 2018
: Oxidative stress
GSH depletion
. - - AP-1 promoter activity . : ;
Apocynin uvB NADPH oxidase activity NF-B promoter activity Skin carcinogenesis Byun et al., 2016
Catalase (CAT) activity
Tannic acid UVB  NADPH oxidase activity Superoxide dismutase (SOD) activity Photoaging Daréetal., 2020
GSH depletion
Metalloproteinase-1, 9 (MMP-1, 9) expression
Metformin uUvB NADPH oxidase-dependent superoxide Photoaging Ribeiro et al., 2020
Catalase (CAT) activity
Superoxide dismutase (SOD) activity Oxidative iniuries
Protocatechuic acid uvB NADPH oxidase activity GSH depletion € 1n) Daré, Oliveira, et al., 2020
o N Photoaging
Lipid peroxidation
Metalloproteinase-1, 9 (MMP-1, 9) expression
Rosmarlnlc Acid Nox2 and Nox4 activity Photoaging Revoltella et al., 2018
in Lycopus europaeus
Glutathione reductase mRNA expression
Myeloperoxidase (MPO) activity
Pimenta UVB Nox2 gp91°"®™ mRNA expression Metalloproteinase-9 (MMP-9) activity Skin inflammation Campanini et al., 2013

pseudocaryophyllus

GSH depletion

Superoxide anion production

Lipid peroxidation

Oxidative stress
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I-7. Preventive botanical extracts and phytochemicals in UV-induced skin

damages via regulation of EGFR

Since EGFR has a central role in cancer cell growth and survival, many materials
were developed to target EGFR directly. For example, gefitinib and erlotinib are well-known
pharmaceutical inhibitors for EGFR. However, long-term use of these drugs was
accompanied by adverse drug reactions, particularly dermatological, and finally failed in
Asian female patients bearing non-small cell lung cancer. Therefore, rather than direct
regulation of EGFR, we focused on investigating the effects of extracts or phytochemicals

regulating the upstream or downstream signaling of EGFR.

When UV stimulated the skin in vitro and in vivo, the effect of nutraceuticals in
several studies was conducted with EGFR phosphorylation. However, ERBB activation,
dysregulation of amphiregulin and AhR, and excessive phosphorylation of Src can also be
targeted for preventing skin diseases, excluding phosphorylation of EGFR. Therefore, various
materials can inhibit inflammation or cancer occurring in the skin by inhibition of factors

related to EGFR activation (Table I- 2).

The AhR signaling pathway is one of the major UVB-induced signaling pathways,
and AhR mediates COX-2 overexpression. In a study, we demonstrated that 1,8-cineole, a
monoterpene cyclic ether, inhibits c-Src-dependent EGFR activation induced by UVB,
thereby suppressing RAF-MEK1/2-ERK1/2 signaling pathway and cyplal, a target gene of
the AhR, mRNA expression induced by AhR activation (Lee et al., 2017). It was
demonstrated by knockdown of AhR, which suppresses COX-2 expression in HaCaT cells.

1,8-cineole also reduced UVB-induced epidermal thickness and skin tumorigenesis in
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hairless SKH-1 mice. Overall, UVB-induced skin carcinogenesis could be suppressed by

directly targeting AhR.

Oi et al. demonstrated that taxifolin as an ATP-competitive inhibitor can bind the
ATP-binding pocket of EGFR (Lys721. Met 769, and Asp 831) and suppress UVB and solar
UV-induced carcinogenesis by targeting EGFR through in silico modeling (Oi et al., 2012).
They have also shown that taxifolin regulates COX-2 through EGFR inhibition. Additionally,
TGa cellulose nanocrystal (Park et al., 2013), carnosic acid (Potapovich et al., 2011), and
cyanidin-3-O-glucoside (He et al., 2017) decreased the downstream kinases and Akt or

MAPK signaling pathways, by reducing UVB-induced phosphorylation of EGFR.

Curcumin, a dietary polyphenol, is the main component of turmeric and is extracted
from the East India plant Curcuma longa. The mechanism by which curcumin interacts with
EGFR has not been fully elucidated. However, Starok et al reported that female BALB/c
mice treated with 2, 4, 6-trinitrochlorobenzene (TNCB), dermatitis model, which increased
ear swelling, ERK phosphorylation, and inflammatory cytokine, were inhibited by the
application of curcumin (Starok et al., 2015). Furthermore, amphiregulin gene overexpression
was also attenuated in the TNCB-challenged ear with curcumin treatment. Additionally,
Capalbo et al reported through preclinical evidence that while conventional EGFR-targeted
treatments, such as cetuximab have resistance, oral curcumin phospholipid supplements can

overcome anti-EGFR treatment resistance (Capalbo et al., 2018).
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Table I-2. Phytochemicals and their effect on EGFR activation and phosphorylation of various factors

Measurement of EGFR

Names Stimuli activity Phosphorylation factor Target disease Reference
e UVB and Phosphorylation (T1068) P38, INK, ERK . . . .
Taxifolin solar-Uuv in vitro EGFR kinase assay Akt, p70%% p90RSK, MSK Skin carcinogenesis Oietal., 2012
TGa Cellulose nanocrystal . P38, INK1/2, ERK1/2 o .
(CNC) UvB Phosphorylation (T1068, T1045) MEK1/2, MKK4/7, B-Raf Skin inflammation Park et al., 2013
Carnosic acid UvB Phosphorylation ERK, MEK Photoaging Potapovich et al., 2011
Verbascoside
Resveratrol ~ TGFa
Plant . TNFa+IFNy Phosphorylation Skin inflammation
polyphenols Polydatin UVA+UVB nuclear translocation ERK, p5, Akt Skin cancer Heetal,, 2017
Rutin LPS
Quercetin
Cyanidin-3-O-glucoside UVB Phosphorylation P38, INK, ERK, Akt Epidermal cell apoptosis . o1 o1 2016
Skin cancer
. . P38, INK1/2, ERK1/2 . . .
1,8-cineole UvB Phosphorylation ('Y845) MEK1/2, B-Raf, C-Raf Skin carcinogenesis Lee etal., 2017
Phosphorylation (T1068)
Curcumin EGF Surface plasmon resonance Starok et al., 2015
competition analysis
. . EGFR activity
Silymarin EGF EGFR kinase activity Ahmad et al., 1998
Epigallocatechin 3-Gallate EGF Phosphorylation of erbB1 ERK1/2 Bhatia et al., 2001
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Chapter II.

Preventive Effect of Rhus javanica Extract on

UVB-induced Skin Inflammation and Photoaging
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Abstract

Rhus javanica has long been used in traditional medicines, and found to possess
bioactive properties. In this study, | sought to investigate whether Rhus javanica extract (RJE)
has preventive effects against UVB-induced inflammation and photoaging. RJE was
identified as a promising candidate based on an MMP-1 promoter assay, and | confirmed
suppressive effects on UVB-induced COX-2 and MMP-1 expression (67.6% and 80.9%,
respectively) in immortalized human keratinocyte HaCaT cells. RJE suppressed both UVB-
induced mitogen activated protein kinase (MAPK) and Akt signalling pathways as well as
EGFR activity. RJE significantly suppressed repetitive UVB-induced wrinkle formation and
COX-2 and MMP-13 expression in vivo. Among the compounds identified, syringic acid was
found to exhibit the strongest inhibitory effect on UVB-induced MMP-1 promoter activity
(45.2%). These results demonstrate that RJE has potent preventive activity for skin

inflammation and photoaging which occurs via suppression of pathways related to EGFR.
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II-1. Introduction

The skin is the largest organ of the integumentary system and protects the human
body against pathogens and irritants as a primary defence system. Although ultraviolet (UV)
radiation is required for the biosynthesis of vitamin D3, stimulates the production of
photoprotective melanin, and can help treat psoriasis and vitiligo (Almutawa et al., 2015;
Bansal, Sahoo, & Garg, 2013; Fett, 2013), excessive UV exposure is a major risk factor for
skin inflammation and cancer (Jung et al., 2008). While also dependent on genetic factors and
lifestyle choices, repeated exposure to UV irradiation generally results in the appearance of

irregular brown spots and wrinkle formation, collectively referred to as photogaing.

Among the UV wavelengths, UVB (290-320 nm) is considered to be a complete
carcinogen because repetitive treatment with UVB can induce skin cancer (Goswami &
Haldar, 2014). Additionally, chronic irradiation of the skin by UV induces wrinkle formation
and irregular pigmentation, referred to as photoaging (Fisher, 2005). Skin inflammation and
photoaging are sometimes clinically considered as minor skin problems, however, these

conditions can cause pain and distress related to appearance (Peharda et al., 2007).

COX-2 and MMP-1 are two major enzymes involved in skin inflammation and
photoaging, respectively, and are responsive to UV irradiation (Oh et al., 2014). Both acute
and chronic UV irradiation up-regulates COX-2 expression in keratinocytes and skin in SKH-
1 hairless mice and humans (Bermudez et al., 2015; Jung et al., 2008). The genetic deletion
of one cox-2 allele is strongly associated with a higher risk of UV-induced skin
carcinogenesis (Fischer, Pavone, Mikulec, Langenbach, & Rundhaug, 2007). MMP-1, the so-

called interstitial collagenase, plays a major role in the process of photoaging because it
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specifically cleaves type 1 collagen, a major constituent of the dermis (Wolfle et al., 2012).
Transcription of COX-2 and MMP-1 is regulated by AP-1, which is a key transcriptional
factor in skin inflammation and photoaging (Eferl & Wagner, 2003). Increased AP-1 activity
stimulates skin inflammation via an abnormal increase in prostaglandin (PGE), production
(Jung et al., 2008) and photoaging via the degradation of collagen, a major extracellular
matrix protein (Quan et al., 2010). Major signalling pathways known to mediate UVB-
induced biological responses involve mitogen-activated protein kinases (MAPKS) and signal
transduction associated with these pathways is known to play central role in the upregulation
of COX-2 and MMP-1 expression by UV (Bode & Dong, 2003). Therefore, regulation of the
MAPKSs/AP-1 signalling cascade represents a promising strategy for the prevention of UV-

induced skin inflammation and photoaging.

Multiple lines of evidence suggest that high consumption of food phytochemicals
from vegetables and fruits can help to prevent inflammation and cancer (Bulla et al., 2015).
Some plant phytochemicals exhibit potent bioactive properties that mitigate the adverse
effects of UV radiation on the skin (Korac & Khambholja, 2011). Rhus javanica (Galla rhois)
is @ member of the Anacardiaceae family and is a type of nutgall sumac (Lee et al., 2012).
This plant is widely used in herbal medicines to treat diarrhoea, inflammation, dysentery and
coughs. Furthermore, Rhus javanica compounds have been shown to possess strong antiviral,
antibacterial, anticancer, hepatoprotective, antidiarrhoeal and antioxidant activities (Ahn, Lee,
Oh, Kim, & Lee, 2005; Choi et al., 2009). Although published evidence suggests that Rhus
javanica may have promising biological effects on various diseases mechanisms, its effect on
UVB-induced skin inflammation and photoaging and the mechanisms of action responsible
remain unclear. | screened several botanical extracts of interest and identified RJE as the most
potent anti-inflammatory and anti-photoaging material. In the present study, | sought to

investigate the inhibitory effects of RJE on UVB-induced inflammation and photoaging, and

|
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observed that RJE inhibits UVB-induced COX-2 and MMP-1 expression via suppression of
the MAPKKs/MAPKSs/ AP-1 pathways. Experiments using the SKH-1 hairless mouse model
revealed that oral administration of RJE significantly suppresses UVB-induced wrinkle
formation, as well as COX-2 and MMP-13 expression in mouse skin. Among the RJE
compounds, syringic acid exhibited the most potent inhibitory effect on MMP-1 promoter
activity. These findings suggest that RJE is a potent anti-inflammatory and anti-photoaging

agent that inhibits COX-2 and MMP-1 expression.
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II-2. Materials and Methods

1I-2.1. Materials

Chemical reagents were purchased from Sigma-Aldrich (St Louis, MO, USA).
Dulbecco’s Modified Eagle’s Medium (DMEM), gentamicin, L-glutamine, penicillin—
streptomycin and foetal bovine serum (FBS) were obtained from Thermo Scientific HyClone
(Logan, UT, USA). The antibodies against c-Jun, MMP-1, MMP-13 and B-actin were
purchased from Santa Cruz Biotech (Santa Cruz, CA, USA). The antibodies against COX-2,
p44/42 MAP Kinase, SAPK/INK, p38 MAPK, phospho-p44/42 MAPK (Erk 1/2)
(Thr202/Tyr204), phospho-SAPK/INK  (Thr183/Tyr185), MKK3b, phospho-MKK3
(Ser189)/MKKG6 (Ser 207), SEK1/MKK4, phospho-SEK1/MKK4 (Ser257/Thr261), MEK1/2,
phospho-MEK1/2 (Ser217/ 221), phospho-c-Jun (Ser73), Akt, phospho-Akt (Thr308), PKD/
PKCuy, phospho- PKD/PKCp (Ser916), Src and phospho-Src (Tyr527) were purchased from
Cell Signaling Biotechnology (Beverly, MA, USA). The antibody against phosphorylated p38

MAPK (pT180/pY182) was purchased from BD Biosciences (Franklin Lakes, NJ, USA).

1I-2-2. Sample preparation and extraction procedure

Rhus javanica specimens were purchased from Kyungdong Market (Seoul, Korea).
The specimen was deposited in the Plant Resources and Environment Department, Cheju
National University, Korea and identified by a botanist, Dr. Ji-Hun Kim (Department of Plant
Resources and Environment, Cheju National University). The samples were ground with a
blender (Wonder Blender, OSAKA CHEMICAL Co., Osaka, Japan) to obtain a fine powder.

Powdered materials were stored in plastic bags at room temperature for use in the extraction
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experiments. Dried powder (100 g) was extracted with an Ultrasonic Processor VCX 750
(Sonics & Materials, Inc., Newtown, USA) with 1,000 mL of 95% ethanol, and incubated at
room temperature for 24 h. After precipitate removal, the extracts were concentrated to 100
mL with an IKA RV 10 Rotary Evaporator (IKA® Works, Guangzhou, China), then freeze-

dried.

11-2-3. Cell culture, UVB exposure and viability assay

Human epidermal keratinocyte HaCaT and 293T cells were maintained in DMEM
containing 10% FBS, 100 units/mL of penicillin and 100 mg/mL of streptomycin at 37°C in a
5% CO, humidified incubator. UVB irradiation was conducted using a bank of four
Westinghouse F520 lamps (National Biological, Twinsburg, OH) at 6 J/s/m light in the UVB
range. Approximately 10% of the additional radiation from the F520 lamp is in the UVA
spectrum (320 nm). A UVB exposure chamber was fitted with a Kodak Kodacel K6808 filter
to eliminates all wavelengths below 290 nm. UVB radiation was measured using a UVX
radiometer (UVX-31). To assess cell viability, HaCaT cells were seeded (1 x 10° cells/well)
in 96-well plates and incubated at 37°C in a 5% CO, incubator. After the cells were treated
with RJE, 20 uL of MTS reagent (Promega, Madison, WI, USA) was added to each well.
After 1 h of incubation, absorbance levels for formazan at 490 and 690 nm were measured

using a microplate reader (Bio-Rad Inc., Hercules, CA, USA).

1I-2-4. Animal experiments

Six-week-old male SKH-1 hairless mice, weighing approximately 20-22 g, were

purchased from OrientBio Inc. (Gyeonggi-do, Korea). The mice were housed in an air-
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conditioned room (23 £ 2°C) with a 12 h light/dark cycle. They were allowed free access to
food and tap water. All animals received humane care, and the study protocol (KFRI-M-
14013) was approved and performed in accordance with guidelines for animal use and care at
Korea Food Research Institute. Twenty mice were randomly allocated to each group (five
mice per group, four groups in total): (i) control group (normal), (ii) UVB-irradiated group
(UVB), (iii) UVB-irradiated and 40 mg/kg/day RJE-treated group and (iv) UVB-irradiated
and 200 mg/kg/day RJE-treated group. The mice in the RJE-treated groups (40 or 200
mg/kg/day) were administered oral doses of RJE for 13 weeks with exposure to UVB
irradiation three times per week on their dorsal region. UVB irradiation doses were increased
each week by 1 MED (1 MED = 130 mJ/cm?) to 4 MED, and then maintained at 4 MED until

13 weeks had passed.

1I-2-5. MMP-1 promoter assay

To evaluate the MMP-1 promoter activity of various botanical extracts, | constructed

a pGreenFire (pGF1) vector containing an MMP-1 promoter plasmid (Kim, Shin, Eun, &

Chung, 2009) . For stable expression of pGF1 with the MMP-1 promoter, 293T cells were

transfected with the pGF1 plasmid using Lipofectamine (ThermoFisher Scientific, MA, USA),
following the manufacturer’s instructions. The transfection medium was changed at 4 h after
transfection, and the cells were then cultured for 36 h. Virus particles were harvested by
filtration using a 0.45 mm syringe filter, then combined with 8 mg/mL of polybrene
(Millipore) and infected into HaCaT cells for 24 h. The cell culture media was replaced with
fresh culture medium and the cells were further cultured for 24 h, prior to selection with
puromycin (1 mg/mL) for 36 h. Selected HaCaT cells (8 x 10° cells/well) were seeded into
96-well plates, which were incubated at 37°C in a 5% CO; incubator. When the cells reached

|
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80-90% confluence, they were starved by culturing in serum-free DMEM for a further 24 h.
Cells were then treated with RJE for 1 h prior to UVB (0.04 J/cm?) exposure and then
incubated for 5 h. Cells were disrupted with 100 pL of lysis buffer [0.1 M potassium
phosphate buffer (pH 7.8), 1% Triton X-100, 1 mM dithiothreitol (DTT), and 2 mM EDTA],
after which luciferase activity was measured using a luminometer (SpectraMax L, Molecular

Devices, Sunnyvale, CA).

1I-2-6. Western blot assay

For in vitro Western blot assays, cells (1.5 x 10° cells/mL) were cultured in 10 cm
dishes for 24 h, followed by starvation in serum-free DMEM for 24 h. Cells were then treated
with RJE for 1 h and irradiated with UVB (0.04 J/cm?). After incubation, the cells were
collected and washed twice with cold PBS, before lysis in Cell Lysis Buffer (Cell Signaling
Biotechnology, Beverly, MA, USA) and maintained on ice for 30 min. The lysated protein
was washed via centrifugation and the concentration determined using a DC Protein Assay kit
(Bio-Rad Laboratories) following manufacturer’s instructions. The lysate was subjected to 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore, Immobilon®-P transfer membrane).
After transferring, the membranes were incubated with the specific primary antibodies at 4°C
overnight. Protein bands were visualized using a chemiluminescence detection kit (ATTO,
Tokyo, Japan) after hybridization with a horseradish peroxidase (HRP)-conjugated secondary

antibody.

For in vivo Western blots, mouse skin tissue was added to 2 mL microcentrifuge
tubes containing lysis buffer and stainless steel bead, and subsequently homogenized twice
for 2 min at 20 Hz in a TissueLyser Il (Qiagen, Valencia, CA, USA). Skin lysates were

|
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centrifuged at 12,000 rpm for 20 min. After the protein content was determined, the skin
tissue extract was subjected to 10% SDS-PAGE and transferred to a PVDF membrane.
Membranes were processed, and proteins were analyzed as described above for in vitro

Western blot assay.

1I-2-7. EGFR Kinase assay

EGFR kinase activity was assayed in accordance with instructions provided by
Abcam (Cambridge, UK). Active EGFR protein (100 ng) was added to a mixture containing
basic protein, 5X assay buffer, and diluted ATP solution in the presence or absence of RJE.
Reactions were carried out at 30°C for 30 min, and incorporated activity was determined
using the Western blot assay. The resultant kinase activity data represent the mean of three

independent experiments.

1I-2-8. Immunohistochemical analysis

Sections (5 um thick) of 10% neutral formalin solution-fixed, paraffin-embedded skin
tissues were cut on silane-coated glass slides. Deparaffinized sections were heated for 15 min
in 10 mM citrate buffer (pH 6.0) in a microwave oven for antigen retrieval. For the detection
of target proteins, slides were incubated with affinity-purified primary antibody in a
refrigerator overnight in 1% BSA solution and then developed using the SignalStain® Boost
IHC Detection Reagent (HPR, rabbit) antibodies (Cell Signaling Biotechnology). Peroxidase-
binding sites were detected by staining with SignalStain® DAB Substrate Kit (Cell Signaling
Biotechnology). Finally, counterstaining was performed using Harris hematoxylin solution

(Sigma-Aldrich). The MMP-13 and COX-2 were visualized using a fluorescent microscope
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(Nikon Eclipse Ti-S, Tokyo, Japan) and images were analyzed using Metamorph (Molecular

Devices, Danville, PA) software.

11I-2-9. Metabolite extraction

Metabolites were extracted using the Bligh-Dyer protocol. Powder sample were
dissolved in methanol and vortexed for 30 sec followed sonication for 2 min. Cold
chloroform was then added, followed by further vortexing for 30 sec. After sonication for 2
min, cold HPLC-graded water was added and vortexed for 30 sec resulting in a ratio of
1:2:0.72 (methanol:chloroform:water). The samples were centrifuged at 12,000 rpm for 10

min after incubation for 10 min at room temperature.

1I-2-10. Chromatograph

Dried extracts were dissolved in mobile phase buffer and injected into UPLC-ESI-
QQQ (Agilent Technologies, CA, USA) with Hypersil gold C18 (Thermo, 2.1 x 100 mm, 1.9
um) or with ZORBAX-RRHD C18 (Agilent, 2.1 x 100 mm, 1.8 um). The mobile phase
buffers were Buffer A (100% H,O, and 0.1% formic acid (v/v)) and Buffer B (90%
acetonitrile, 10% H,0, and 0.1% formic acid (v/v/v). The column was equilibrated and eluted
according to gradient conditions with a flow rate of 0.2 mL/min at 40°C. The gradient was
started at 5% B, changing to a linear gradient of 100% over 5 min, followed by washing time

for 2 min, and re-equilibration at 5% B for 3 min.

1I-2-11. Statistical analysis
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Where appropriate, data are expressed as the means = S.E.M., and significant
differences were determined using one-way ANOVA (Analysis Of Variance). A probability

value of p < 0.05 was used as the criterion for statistical significance.



I1-3. Results

1I-3-1. RJE inhibits UVB-induced MMP-1 promoter activity in HaCaT cells

COX-2 and MMP-1 play critical roles in UV-mediated skin inflammation and
photoaging, respectively and the AP-1 transcription factor is a major regulator of their
expression (Eferl & Wagner, 2003; Fisher et al., 1996; Jung, Ha, et al., 2015). To develop
anti-inflammatory and -photoaging treatments, | previously developed immortalized human
keratinocyte HaCaT cells stably transfected with an MMP-1 promoter. Using these cells, |
screened several botanical extracts of interest and identified RJE as the most potent anti-
inflammatory and anti-photoaging material (data not shown). RJE significantly inhibited
UVB-induced MMP-1 promoter activity in a dose-dependent manner (Figure II-1A). The
tested concentrations of RJE did not affect the viability of immortalized human keratinocyte
HaCaT cells (Figure 1I-1B). Next, | evaluated the inhibitory effect of RJE on UVB-induced
COX-2 and MMP-1 expression. Western blot results showed that RJE significantly inhibited

UVB-induced COX-2 and MMP-1 expression in HaCaT cells (Figure II-1C and D).
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Figure II-1. Effect of RJE on UVB-induced MMP-1 promoter activity, cell viability, and
COX-2 and MMP-1 expression in HaCaT cells. (A) RJE suppresses UVB-induced MMP-1
promoter activity in HaCaT cells. For the luciferase assay, HaCaT cells were stably

transfected with an MMP-1-luciferase reporter plasmid and cultured as described in the
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Materials and Methods. MMP-1 luciferase activity is presented as the mean + SD of three
independent experiments. (B) RJE exhibits no detectable cell cytotoxicity up to 100 pg/mL in
HaCaT cells. Cell viability was measured by MTS assay as described in the Materials and
Methods. (C) RJE inhibits UVB-induced COX-2 expression in HaCaT cells. (D) RJE inhibits
UVB-induced MMP-1 expression in HaCaT cells. Expression levels of COX-2, MMP-1 and
B-actin were determined by Western blot assay. Hash symbols (#) indicate a significant
difference (p < 0.05) between the control group and the group exposed to UVB alone;
asterisks (*) indicate significant differences (p < 0.05) between groups irradiated with UVB
and RJE and the group exposed to UVB alone. Data are presented as the mean + SD of three

independent experiments.
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II-3-2. RJE inhibits UVB-induced phosphorylation of MAPKKs/MAPKs, Akt, EGFR, Src

and PKD/PKCu in HaCaT cells

Because MAPKSs are the primary mediators of UV-induced COX-2 and MMP-1
expression via regulation of AP-1 activity (Roberts & Der, 2007), | further sought to
determine which signaling pathway were modulated by RJE treatment. The results showed
that RJE inhibited UVB-induced phosphorylation of MKK4/7/JNK1/2/c-Jun, MKK3/6/p38,
and Raf/MEK1/2/ERK1/2 in HaCaT cells (Figure II-2A, B and C). Furthermore, treatment of
UVB-irradiated with RJE markedly decreased Akt phosphorylation in HaCaT cells (Figure II-
2D). To identify the upstream signaling molecules regulating MAPKKs/MAPKSs and Akt, |
examined the phosphorylation status of EGFR, Src, and PKC. RJE inhibited UVB-induced
phosphorylation of EGFR, Src and PKD/ PKCp in HaCaT cells (Figure II-2E and F). Because
RJE suppressed UVB-induced EGFR phosphorylation, | hypothesized that RJE could be
acting on UVB-induced EGFR activity. In vitro kinase assays using active EGFR confirmed
that RJE strongly inhibits EGFR kinase activity in a dose-dependent manner (Figure II-2G).

Butein was used as positive control (Jung, Lee, et al., 2015).
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Figure 11-2. Effect of RJE on UVB-induced phosphorylation of MAPKs, MAPKKs, Akt,
EGFR, Src and PKD/PKCp in HaCaT cells. (A) RJE inhibits UVB-induced phosphorylation
of MKK4/7, JNK1/2, and c-Jun in HaCaT cells. (B) RJE inhibits UVB-induced
phosphorylation of MKK3/6 and p38 in HaCaT cells. (C) RJE inhibits UVB-induced

phosphorylation of MEK1/2 and ERK1/2 in HaCaT cells. (D) RJE inhibits UVB-induced
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phosphorylation of Akt in HaCaT cells. (E) EGFR and Src, and (F) PKD/PKCp in HaCaT
cells. (G) RJE inhibits EGFR activity. Phosphorylation and expression were detected by

Western blotting assay with specific antibodies. Data are presented as the mean + SD of three

independent experiments.
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II-3-3. RJE inhibits UVB-induced wrinkle formation and COX-2 and MMP-13 expression

in the SKH-1 hairless mouse

To further confirming the in vivo anti-inflammatory and -photoaging properties of
RJE, I used a UVB and SKH-1 hairless mice model. Repetitive irradiation of the dorsal skin
with UVB abnormally increased wrinkle formation in these mice (Figure I1I-3). Conversely,
the oral administration of RJE significantly reduced UVB-induced wrinkle formation in
comparison to the UVB control group (Figure 1I-3). Western blot assay results using mouse
skin extract also showed that RJE significantly inhibited UVB-induced COX-2 and MMP-13
expression in this model (Figure II-4A). This immunohistochemical analyzes revealed

showed that RJE inhibited UVB-induced COX-2 and MMP-13 expression (Figure 11-4B).
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Figure II-3. Effect of RJE on UVB-induced wrinkle formation in SKH-1 hairless mice. (A)
External appearance of wrinkles. (B) RJE significantly inhibits UVB-induced wrinkle
formation in SKH-1 hairless mice. The dorsal skin surface of the animals was exposed to
UVB irradiation three times per week for 13 weeks. Prior to sacrifice, skin replica samples of
the dorsal areas were taken. Wrinkle values were obtained based on skin replica analysis.

Data are presented as the mean = SD of five mice in each group.
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Figure 1I-4. Effect of RJE on UVB-induced COX-2 and MMP-13 expression in SKH-1
hairless mice. (A) RJE inhibits UVB-induced COX-2 and MMP-13 expression in SKH-1
hairless mice. Expression levels of COX-2 and MMP-13 were determined by Western blot
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assay with specific antibodies. Each band was densitometrically quantified by image analysis.
Results are shown as the means SEM (n = 5). The hash symbol (#) indicates a significant
difference (p < 0.05) between the control group and the group exposed to UVB alone;
asterisks (*) indicate a significant difference (p < 0.05) between groups irradiated with UVB
and RJE and the group exposed to UVB alone. (B) Immunohistochemical staining for COX-2
and MMP-13 expression in the skin. COX-2 and MMP-13 are stained brown. Representative

photographs of overall immunohistochemical staining patterns from each group are shown.
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II-3-4. ldentification and quantification of phenolic compounds by LC-MS/MS and effect

of RJE compounds on UVB-induced MMP-1 promoter activity

I next investigated the presence of phenolic compounds in RJE. The major phenolic
compounds were listed by comparison of their mass spectra with the standards (Figure II-5A,
B, C, D and E). Gallic acid, 5-O-galloyly-B-D-glucose, methyl gallate, syringic acid and
protocatechuic acid were identified as the major phenolic compounds in RJE. The
concentrations present were calculated to be 3.30 + 0.31, 8.78 + 0.10, 1.55 + 0.10, 0.04 +
0.01 and 0.05 + 0.02 pg/g of gallic acid, 5-O-galloyly-B-D-glucose, methyl gallate, syringic
acid, and protocatechuic acid, respectively (Table I1I-1). MMP-1 promoter assay results
showed that among the identified compounds in RJE, syringic acid had strongest inhibitory

effect on UVB-induced MMP-1 promoter activity (Figure II-5F).
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Table II-1. Levels of 5 major phenolic compounds identified in RJE

Compound RT (min)®  Content (ug/g)®  MRM Transition (m/z)°
Gallic acid 2.85 3.30+0.31 169 — 125
5-0O-galloyl-B-D-glucose 3.73 8.78+£0.10 939 — 769
Methyl gallate 3.54 1.55+0.10 183.1 — 124
Syringic acid 3.77 0.04+0.01 197 — 182
Protocatechuic acid 3.27 0.05+0.02 153 — 109

2 Retention time; ° Contents based on the dry weight (n = 3); ¢ Multiple reaction monitoring.
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Figure II-5. LC-MS/MS chromatograms of (A) gallic acid, (B) 5-O-galloyl-p-D-glucose, (C)
methyl gallate, (D) syringic acid and (E) protocatechuic acid in 50 mg/L standard solution
(left) and RJE (right). (F) Effect of RJE compounds on UVB-induced MMP-1 promoter
activity. For the luciferase assay, HaCaT cells were stably transfected with an MMP-1-
luciferase reporter plasmid and cultured as described in the Materials and Methods. MMP-1

luciferase activity is presented as the mean + SD of three independent experiments.
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II-4. Discussion

Of the UV wavelengths generated by the Sun: UVC (200-280 nm) is blocked by
stratospheric ozone, while UVB (280-320 nm) and UVA (320-400 nm) penetrate through to
the surface of the earth and can cause DNA damage, erythema, sunburn, photoaging, and skin
cancer (Melnikova & Ananthaswamy, 2005). The cosmetics and healthcare industries have
invested significantly in the development of effective anti-inflammatory and -photoaging
agents. However, currently available therapies and agents for the treatment of UV-induced
skin damage remain inadequate. All-trans retinoic acid, an FDA approved drug, is widely
used for the treatment of skin diseases including acne vulgaris and keratosis pilaris and has
denemostrated benefits for skin inflammation and photoaging (Griffiths & Voorhees, 1993).

However, unintended side effects remain a significant issue for this agent.

In order to develop effective anti-inflammatory and -photoaging agents, | created
immortalized human keratinocyte HaCaT cells containing an MMP-1 promoter plasmid (M.
K. Kim, Shin, Eun, & Chung, 2009). Because the transcription of MMP-1 is primarily
regulated by AP-1 activity, and COX-2 is a major target gene of AP-1, I concluded that this
construct could be used to evaluate cox-2 gene expression. | thus established optimal
conditions for induction with various UV exposure conditions and incubation times following
UV exposure (data not shown) and screened hundreds of botanical extracts of interest. After
further examination of cell cytotoxicity and dose dependency, | identified RJE as the most
effective anti-inflammatory and anti-photoaging agent tested. Although several studies have
reported that the gall of Rhus javanica exerts biological effects including histamine and
inflammatory cytokine secretion (S. H. Kim et al., 2005) and tyrosinase activity (Kubo et al.,
2003), the protective effect of RJE against UV damage and the mechanism of action

|
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responsible has not previously been investigated. | therefore examined whether RJE affects
UV-induced AP-1 activity, as well as and COX-2 and MMP-1 expression in the immortalized
human keratinocyte HaCaT cells. An MMP-1 promoter assay and Western blot assay of
COX-2 and MMP-1 expression clearly showed that RJE strongly suppresses UVB-induced

COX-2 and MMP-1 expression by suppressing AP-1 activity.

MAPKSs mediate a wide range of intracellular signaling molecules that are involved
in skin inflammation and photoaging (Bode & Dong, 2003) and play a critical roles in the
regulation of AP-1 activity (Eferl & Wagner, 2003). | observed that RJE suppressed UVB-
induced MAPKKs/MAPKs and Akt phosphorylation. Based on these results, 1 sought to
identify which signaling molecule was modulated by RJE to regulate the MAPKSs signaling
pathway. Previous studies have reported that c-Src regulates EGFR/Akt and MAPKS,
consequently upregulating COX-2 expression in brain microvascular endothelial cells (Hsieh,
Lin, Chan, & Yang, 2012). Another study reported that EGFR regulates Src activity by
recruiting pyk (Schauwienold, Sastre, Genzel, Schaefer, & Reusch, 2008). My observations
revealed that RJE strongly suppresses EGFR, Src, and PKC phosphorylation. Based on the
accumulated evidence, | hypothesized that RJE may affect EGFR activity. Using a kinase
assay, | found that RJE completely blocked EGFR phosphorylation, with butein used as

positive control (Jung, Lee, et al., 2015).

Clinical observations and epidemiologic data strongly suggest that wrinkle formation
is a hall mark of photoaging in response to UV exposure (Fisher, 2005; Fisher et al., 1996;
Fisher et al., 1997; Griffiths & Voorhees, 1993). | further confirmed that oral administration
of RJE suppresses chronic UV-irradiation induced wrinkle formation in the skin of SKH-1
hairless mice. As expected, RJE prevented chronic UV-induced up-regulation of COX-2 and

MMP-13 expression in the mouse skin. MMP-1 is substituted by mouse interstitial
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collagenase MMP-13, a close structural homologue of human MMP-13 (collagenase-3) in
mice skin. The tissue specific expression pattern of mouse MMP-13 indicates functional
homology between mouse MMP-13 and both human MMP-1 and MMP-13 (Toriseva et al.,

2012; Vaalamo et al., 1997).

A verification of the chemical constituents present in RJE, showed the presence of
gallic acid, 5-O-galloyly-B-D-glucose, methyl gallate, syringic acid, and protocatechuic acid.
Although the constituent profile was dependents on the property of solvent used, 5-O-
galloyly-pB-D-glucose and gallic acid were the major components. To verify which compound
exhibited the most potential anti-inflammatory and —photoaging effects, | compared their
effects on MMP-1 promoter activity in HaCaT cells. Interestingly, syringic acid exhibited the

strongest inhibitory effect on MMP-1 promoter activity.
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II-5. Conclusions

Taken together, the results show that RJE significantly inhibits UVB-induced
wrinkle and COX-2 and MMP-1 expression in vivo. This inhibition occurs primarily via the
targeting of EGFR activity, leading to the suppression of COX-2 and MMP-1 expression via
reduced MAPK and AP-1 activity. Of the phenolic acids present, syringic acid is likely to be
the most active compound in RJE. This represents the first report elucidating the anti-
inflammatory and —photoaging factors present in RJE and sheds light on the mechanisms of

action responsible.
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Abstract

| sought to investigate whether Curcuma zedoaria extract (CZE) has preventive
effects against UVB-induced skin inflammation and photoaging. CZE was identified as a
promising anti-inflammatory and photoaging candidate based on a matrix metalloproteinase
(MMP)-1 promoter assay and the suppressive effects of CZE on UVB-induced
cyclooxygenases (COX)-2 and MMP-13 expression were confirmed in immortalized skin
human keratinocytes. CZE suppressed UVB-induced phosphorylation of c-Jun N-terminal
kinases, mitogen-activated protein kinase kinases 3/6/p38, B-Raf/ERK kinase
(MEK)1/2/extracellular signal-regulated kinases (ERK)1/2, and Akt as well as
phosphorylation of epidermal growth factor receptor (EGFR) and Src. Using a chronic skin
inflammation and photoaging model, | observed that CZE significantly suppressed repetitive
UVB-induced wrinkle formation and COX-2 and MMP-13 expression in vivo. Among the
compounds investigated, curcumin was found to exhibit the strongest inhibitory effect on
UVB-induced MMP-1 promoter activity. These results demonstrate that CZE has a potent
preventive activity for UVB-induced skin inflammation and photoaging, which occurs via the

suppression of EGFR, Src, MAPKKs/MAPKSs, and Akt phosphorylation.



II1-1. Introduction

Our skin is the primary barrier that regulates homeostasis and protects our body from
environmental damage. The most important environmental factor that causes inflammation of
the skin and accelerated aging is UV radiation present within sunlight (Fisher, Kang, Varani,
& et al.,, 2002). Chronic UV radiation can generate DNA damage, leading to genetic
mutations and skin cancer (Reuter, Gupta, Chaturvedi, & Aggarwal, 2010). Of the UV
wavelengths present in the electromagnetic spectrum (UVA; 320-400 nm, UVB; 280-320 nm,
UVC; 100-280 nm), UVB is the major cause of skin reddening and sunburn and is considered
a complete carcinogen because UVB treatment alone can induce skin cancer (Jung et al.,
2008). The expression of several genes important for the maintenance of healthy skin is
highly correlated with levels of inflammation and photoaging (Quigley et al., 2009). COX-2
and matrix metalloproteinases including MMP-1 and -13 are representative enzymes that
mediate skin inflammation and photoaging, respectively, as a result of exposure to UV
irradiation. COX-2 is an inducible protein and its expression is highly elevated in various
types of cells when exposed to inflammatory cytokines, mitogenic factors, and tumor
promoters (Hla, Ristimaki, Appleby, & Barriocanal, 1993). Multiple lines of evidence suggest
that genetic depletion of COX-2 decreases skin inflammation and cancer in response to UV
irradiation (Seibert & Masferrer, 1993). The collagenases including MMP-1 and MMP-13,
can also be induced by UV, and degrade collagen, resulting in collagen deficiency and
wrinkling of the dermis (J. Y. Seo et al., 2003).

UV irradiation of human skin results in the simultaneous activation of multiple
receptor-coupled signal transduction pathways (Buckman et al., 1998; Fisher, 2005). EGFR is

a multifunctional growth factor receptor that regulates a variety of fundamental cell
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properties including growth, differentiation, invasion and apoptosis in numerous cell types
(LaMarca et al., 2008). Activation of the PI3K/Akt and the MAPK1/2 pathways has also been
linked to activation of members of the EGFR family, either by direct interaction with the
activated receptor or via adaptor molecules (Huang, Zhang, Ding, & Chen, 2009). Similarly,
activation of the MAPK and Akt pathways is linked with activation of the EGFR family
(Singh, Schneider, Knyazev, & Ullrich, 2009).

Botanical extracts have long been used as a source of traditional medicine for
thousands of years. Curcuma zedoaria has been popular for cultivation as a vegetable, spice,
traditional medicine, and perfume in Western and Asian countries (W. G. Seo et al., 2005).
Additionally, C. zedoaria exerts multiple biological functions including soothing effects for
ulcers, wounds, tumor, skin ailments, and inflammation (Morikawa, Matsuda, Ninomiya, &
Yoshikawa, 2002). A previous study reported that a number of volatile and essential oils
including terpenoids, flavonoids, and sesquiterpenes have anti-inflammatory properties (Lai
et al., 2004). Curdione isolated from CZE has been found to inhibit prostaglandin E,
production and cyclooxygenase-2 expression, both of which are implicated in the
inflammatory and carcinogenic processes (Oh, Min, & Lee, 2007). However, the inhibitory
effect of C. zedoaria on UVB-induced skin inflammation and photoaging and its impact on
the signaling network remains unclear.

| screened several botanical extracts of interest and identified CZE as the most potent
anti-inflammatory and anti-photoaging material. In the present study, | sought to investigate
the inhibitory effects of CZE on UVB-induced inflammation and photoaging and observed
that CZE inhibits UVB-induced COX-2 and MMP-1 expression via suppression of the EGFR,
Src, and Akt and MAPKKs/MAPKSs/AP-1 pathways. Experiments using the SKH-1 hairless
mouse model revealed that topical application of CZE significantly suppresses UVB-induced

wrinkle formation, as well as COX-2 and MMP-13 expression in mouse skin. Among the
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CZE compounds, curcumin showed the strongest inhibitory effect on UVB-induced MMP-1

promoter activity.
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II1-2. Materials and Methods

II1-2-1. Materials

Chemical reagents were purchased from Sigma—Aldrich (St Louis, MO, USA).
Dulbecco’s Modified Eagle’s Medium (DMEM), gentamicin, L-glutamine, penicillin—
streptomycin, and fetal bovine serum (FBS) were obtained from Thermo Scientific HyClone
(Logan, UT, USA). The antibodies against c-Jun, MMP-1, MMP-13, and [B-actin were
purchased from Santa Cruz Biotech (Santa Cruz, CA, USA). The antibodies against COX-2,
p44/42 MAP Kinase, SAPK/INK, p38 MAPK, phospho-p44/42 MAPK (Erk 1/2)
(Thr202/Tyr204), phospho-SAPK/INK  (Thr183/Tyr185), MKK3b, phospho-MKK3
(Ser189)/MKK®6 (Ser 207), SEK1/MKK4, phospho-SEK1/MKK4 (Ser257/Thr261), MEK1/2,
phospho-MEK1/2 (Ser217/221), phospho-c-Jun (Ser73), Akt, phospho-Akt (Thr308), Src,
and phospho-Src (Tyr527) were purchased from Cell Signaling Biotechnology (Beverly, MA,
USA). The antibody against phosphorylated p38 MAPK (pT180/pY182) was purchased from

BD Biosciences (Franklin Lakes, NJ, USA).

I11-2-2. Sample preparation and extraction procedure

Curcuma zedoaria specimens were purchased from Kyungdong Market (Seoul,
Korea). The specimen was deposited in the Plant Resources and Environment Department,
Cheju National University, Korea and identified by a botanist, Dr. Ji-Hun Kim (Department
of Plant Resources and Environment, Cheju National University). The samples were ground
with a blender (Wonder Blender, OSAKA CHEMICAL Co., Osaka, Japan) to obtain a fine

powder. Powdered materials were stored in plastic bags at room temperature for use in the
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extraction experiments. Dried powder (100 g) was extracted with an Ultrasonic Processor
VCX 750 (Sonics & Materials, Inc., Newtown, USA) with 1,000 mL of 95% ethanol, and
incubated at room temperature for 24 h (Table II-1). After precipitate removal, the extracts
were concentrated to 100 mL with an IKA RV 10 Rotary Evaporator (IKA® Works,

Guangzhou, China), then freeze-dried.
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Table III-1. Conditions of ultrasonic treatment

Ultrasonic treatment Conditions
Power output 750 W
Frequency 20 kHz
Pulse on/off 20/20 s
Time 24 h
Temperature Room temperature
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II1-2-3. Cell culture, UVB exposure, and viability assay

Human epidermal keratinocyte HaCaT and 293T cells were maintained in DMEM
containing 10% FBS, 100 units/mL of penicillin and 100 mg/mL of streptomycin at 37°C in a
5% CO, humidified incubator. UVB irradiation was conducted using a bank of four
Westinghouse F520 lamps (National Biological, Twinsburg, OH) at 6 J/s/m light in the UVB
range. Approximately 10% of the additional radiation from the F520 lamp is in the UVA
spectrum (320 nm). A UVB exposure chamber was fitted with a Kodak Kodacel K6808 filter
to eliminate all wavelengths below 290 nm. UVB radiation was measured using a UVX
radiometer (UVX-31). To assess cell viability, HaCaT cells were seeded (1 x 10° cells/well)
in 96-well plates and incubated at 37°C in a 5% CO; incubator. After the cells were treated
with CZE, 20 uL of MTS reagent (Promega, Madison, WI, USA) was added to each well.
After 1 h of incubation, absorbance levels for formazan at 490 and 690 nm were measured

using a microplate reader (Bio-Rad Inc., Hercules, CA, USA).

II1-2-4. Animal experiments

Six-week-old male SKH-1 hairless mice, weighing approximately 20-22 g, were
purchased from OrientBio Inc. (Gyeonggi-do, Korea). The mice were housed in an air-
conditioned room (23 £ 2°C) with a 12 h light/dark cycle. They were allowed free access to
food and tap water. All animals received humane care, and the study protocol (KFRI-M-
14013) was approved and performed in accordance with guidelines for animal use and care at
Korea Food Research Institute. Twenty mice were randomly allocated to each group (five
mice per group, four groups in total): (i) control group (normal), (ii) UVB-irradiated group
(UVB), (iii) UVB-irradiated and 20 mg/kg/day CZE-treated group and (iv) UVB-irradiated
and 100 mg/kg/day CZE-treated group. The mice were topically treated with 200 uL acetone

|
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before UVB exposure 3 day/week for 13 weeks. UVB irradiation doses were increased each
week by 1 MED (1 MED = 100 mJ/cm?) to 4 MED and then maintained at 4 MED until 13

weeks had passed.

I1-2-5. MMP-1 promoter assay

To evaluate the MMP-1 promoter activity elicited by various botanical extracts, |
constructed a pGreenFire (pGF1) vector containing an MMP-1 promoter plasmid (Kim, Shin,
Eun, & Chung, 2009). For stable expression of pGF1 with the MMP-1 promoter, 293T cells
were transfected with the pGF1 plasmid using Lipofectamine (ThermoFisher Scientific, MA,
USA), following the manufacturer’s instructions. The transfection medium was changed at 4
h after transfection, and the cells were then cultured for 36 h. Virus particles were harvested
by filtration using a 0.45 mm syringe filter, then combined with 8 mg/ml of polybrene
(Millipore) and infected into HaCaT cells for 24 h. The cell culture media was replaced with
fresh culture medium and the cells were further cultured for 24 h, prior to selection with
puromycin (1 mg/mL) for 36 h. Selected HaCaT cells (8 x 10° cells/well) were seeded into
96-well plates, which were incubated at 37°C in a 5% CO; incubator. When the cells reached
80-90% confluence, they were starved by culturing in serum-free DMEM for a further 24 h.
Cells were then treated with CZE for 1 h prior to UVB (0.04 J/cm?) exposure and then
incubated for 5 h. Cells were disrupted with 100 pL of lysis buffer [0.1 M potassium
phosphate buffer (pH 7.8), 1% Triton X-100, 1 mM dithiothreitol (DTT), and 2 mM EDTA],
after which luciferase activity was measured using a luminometer (SpectraMax L, Molecular

Devices, Sunnyvale, CA).
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IIT-2-6. Western blot assay

For in vitro Western blot assays, cells (1.5 x 10° cells/mL) were cultured in 10 cm
dishes for 24 h, followed by starvation in serum-free DMEM for 24 h. Cells were then treated
with CZE for 1 h and irradiated with UVB (0.04 J/cm?). After incubation, the cells were
collected and washed twice with cold PBS, before lysis in Cell Lysis Buffer (Cell Signaling
Biotechnology, Beverly, MA, USA) and maintained on ice for 30 min. The lysate protein was
washed via centrifugation and the concentration determined using a DC Protein Assay Kit
(Bio-Rad Laboratories) following manufacturer’s instructions. The lysate was subjected to 10%
sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a
polyvinylidene difluoride (PVDF) membrane (Millipore, Immobilon® -P transfer membrane).
After transferring, the membranes were incubated with the specific primary antibodies at 4°C
overnight. Protein bands were visualized using a chemiluminescence detection kit (ATTO,
Tokyo, Japan) after hybridization with a horseradish peroxidase (HRP)-conjugated secondary

antibody.

For in vivo Western blots, mouse skin tissue was added to 2 mL microcentrifuge
tubes containing lysis buffer and stainless steel bead and subsequently homogenized twice for
2 min at 20 Hz in a TissueLyser Il (Qiagen, Valencia, CA, USA). Skin lysates were
centrifuged at 12,000 rpm for 20 min. After the protein content was determined, the skin
tissue extract was subjected to 10% SDS-PAGE and transferred to a PVDF membrane.
Membranes were processed, and proteins were analyzed as described above for in vitro

Western blot assay.

II1-2-7. Immunohistochemical analysis
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Sections (5-pum thick) of 10% neutral formalin solution-fixed, paraffin-embedded
skin tissue samples were cut on silane-coated glass slides. Deparaffinized sections were
heated for 15 min in 10 mM citrate buffer (pH 6.0) in a microwave oven for antigen retrieval.
For the detection of target proteins, slides were incubated with affinity-purified primary
antibody in a refrigerator overnight in 1% BSA solution and then developed using the
SignalStain® Boost IHC Detection Reagent (HPR, rabbit) antibodies (Cell Signaling
Biotechnology). Peroxidase-binding sites were detected by staining with SignalStain® DAB
Substrate Kit (Cell Signaling Biotechnology). Finally, counterstaining was performed using
Harris hematoxylin solution (Sigma-Aldrich). MMP-13 and COX-2 expression were
visualized using a fluorescent microscope (Nikon Eclipse Ti-S, Tokyo, Japan) and images

were analyzed using Metamorph (Molecular Devices, Danville, PA) software.

IIT-2-8. Metabolite extraction

Metabolites were extracted using the Bligh-Dyer protocol. Powder sample was
dissolved in methanol and vortexed for 30 sec followed sonication for 2 min. Cold
chloroform was then added, followed by further vortexing for 30 sec. After sonication for 2
min, cold HPLC-graded water was added and vortexed for 30 sec resulting in a ratio of
1:2:0.72 (methanol:chloroform:water). The samples were centrifuged at 12,000 g for 10 min

after incubation for 10 min at room temperature.

II1-2-9. Chromatograph

Dried extracts were dissolved in mobile phase buffer and injected into UPLC-ESI-

QQQ (Agilent Technologies, CA, USA) with Hypersil gold C18 (Thermo, 2.1 x 100 mm, 1.9
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um) or with ZORBAX-RRHD C18 (Agilent, 2.1 x 100 mm, 1.8 um). The mobile phase
buffers were Buffer A (100% H,O, and 0.1% formic acid (v/v)) and Buffer B (90%
acetonitrile, 10% H,0, and 0.1% formic acid (v/v/v). The column was equilibrated and eluted
according to gradient conditions with a flow rate of 0.2 mL/min at 40°C. The gradient was
started at 5% B, changing to a linear gradient of 100% over 5 min, followed by washing time

for 2 min, and re-equilibration at 5% B for 3 min.

II1-2-10. Statistical analysis

Where appropriate, data are expressed as the means + S.E.M. and significant
differences were determined using one-way ANOVA (Analysis Of Variance). A probability

value of p < 0.05 was used as the criterion for statistical significance.
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II1-3. Results

II1-3-1. CZE inhibits UVB-induced MMP-1 promoter activity, as well as COX-2 and MMP-

13 expression in HaCaT cells

UV-irradiation results in the upregulation of AP-1 activity and subsequently induces
skin inflammation and photoaging by increasing cox-2 and mmp-1 gene expression,
respectively (C. Kim, Ryu, & Kim, 2010; Kuo, Chen, Chu, Lin, & Chiang, 2015; Vincenti &
Brinckerhoff, 2001). Using previously developed immortalized human keratinocyte HaCaT
cells stably transfected with the MMP-1 promoter, | observed that CZE significantly inhibited
UVB-induced MMP-1 promoter activity in a dose-dependent manner (Figure III-1A). The
viability of HaCaT cells was slightly increased at 25 ug/mL and did not show signs of
cytotoxicity at 50 and 100 ug/mL concentrations (Figure II-1B). Evaluation of the inhibitory
effect of CZE on UVB-induced COX-2 and MMP-13 expression in immortalized human
keratinocyte HaCaT cells showed that CZE significantly inhibited UVB-induced COX-2 and

MMP-13 expression (Figure III-1C and D).
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Figure III-1. Effects of CZE on UVB-induced MMP-1 promoter activity, cell viability, and
COX-2 and MMP-13 expression in HaCaT cells. (A) CZE inhibits UVB-induced MMP-1
promoter activity in HaCaT cells. HaCaT cells were stably transfected with an MMP-1-

luciferase plasmid in the presence or absence of stimulation with UVB (0.04 J/cm?) for 1 h.
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(B) CZE exhibits no detectable cell cytotoxicity up to 100 ug/mL in HaCaT cells. Cell
viability was measured by MTS assay as described in the Materials and Methods. (C) CZE
inhibits UVB-induced COX-2 expression in HaCaT cells. (D) CZE inhibits UVB-induced
MMP-13 expression in HaCaT cells. Expression levels of COX-2, MMP-13, and B-actin
were determined by Western blot assay. The data are represented as the mean + SD of three
independent experiments. Hash symbols (#) indicate a significant difference (p < 0.05)
between the control group and the group exposed to UVB alone; asterisks (* and **)
indicate significant differences [(p < 0.05) and (p < 0.01), respectively] between groups

irradiated with UVB and CZE and the group exposed to UVB alone.



III-3-2. CZE inhibits UVB-induced phosphorylation of MAPKK/MAPK, Akt, EGFR, and

Src in HaCaT cells

Because the MAPK family plays an important role in regulating COX-2 and MMP
expression (S. H. Kim et al., 2005), | next examined the effects of CZE on UVB-induced
phosphorylation of MAPKs. The results showed that CZE inhibited UVB-induced
phosphorylation of c-Jun N-terminal kinases (JNK1/2), mitogen-activated protein Kinase
kinases (MKK) 3/6/p38, and B-Raf/MEK1/2/ERK1/2 in HaCaT cells (Figure III-2A-C).
Furthermore, treatment with CZE markedly decreased UVB-induced Akt phosphorylation
(Figure 1II-2B). In contrast, CZE treatment had no impact on phosphorylation of MKK4/7.
The activation of EGFR in response to either ligand or UV irradiation arises from increased
phosphorylation of specific tyrosine residues in the cytoplasmic domain of EGFR (Xu,
Shao, Zhou, \oorhees, & Fisher, 2009). Because CZE suppressed UVB-induced
phosphorylation of MAPKs, MEK1/2, MKK3/6, and Akt (Figure III-2), | sought to evaluate
the effect of CZE on UVB-induced upstream signaling intermediates including EGFR and
Src. The results showed that CZE inhibited UVB-induced phosphorylation of EGFR (tyrosine

residues 1068 and 1045) and Src (Figure III-2E).
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Figure III-2.  Effects of CZE on UVB-induced phosphorylation of MAPKs, MAPKKs, and
Akt in HaCaT cells. CZE inhibits UVB-induced phosphorylation of JNK1/2 (A),
MKK3/6/p38 (B), B-Raf/MEK1/2/ERK1/2 (C), Akt (D), and (E) EGFR and Src in HaCaT

cells. Phosphorylation and expression were detected by Western blotting assay with specific
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antibodies. The data are represented as the mean + SD of three independent experiments.
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III-3-3. CZE inhibits UVB-induced wrinkle formation and COX-2 and MMP-13 expression

in SKH-1 hairless mice

To further investigate the in vivo anti-inflammatory and photoaging properties of
CZE, | used a UVB and SKH-1 hairless mice model. Repetitive irradiation of the dorsal skin
with UVB increased wrinkle formation abnormally in these mice (Figure III-3). Conversely,
topically applied CZE (20 or 100 mg/kg) on the skin significantly inhibited wrinkle formation
in comparison to the UVB control group (Figure III-4). Western blot assay results also
showed that CZE significantly inhibited UVB-induced COX-2 and MMP-13 expression in
SKH-1 hairless mice skin (Figure III-4A). Immunohistochemical analysis results confirmed a

CZE-dependent inhibition of UVB-induced COX-2 and MMP-13 expression (Figure I11-4B).
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Figure III-3. Effect of CZE on UVB-induced wrinkle formation in SKH-1 hairless mice. (A)
The external appearance of wrinkles. (B) CZE significantly inhibits UVB-induced wrinkle
formation in SKH-1 hairless mice. The dorsal skin of the animals was exposed to UVB
irradiation three times per week for 13 weeks. Prior to sacrifice, skin replica samples of the
dorsal areas were taken. Wrinkle values were obtained based on the skin replica analysis. The
photographs are representative images of the average results observed. Hash symbols (#)
indicate a significant difference (p < 0.05) between the control group and the group exposed
to UVB alone; asterisks (* and **) indicate significant differences [(p < 0.05) and (p < 0.01),
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respectively] between groups irradiated with UVB and CZE and the group exposed to UVB

alone. The data are represented as the mean + SD of five mice in each group.
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Figure III-4. Effect of CZE on UVB-induced COX-2 and MMP-13 expression in SKH-1
hairless mice. (A) CZE inhibits UVB-induced COX-2 and MMP-13 expression in SKH-1
hairless mice. Skin samples from mice were analyzed for COX-2 and MMP-13 expression by

Western blot. (B) Immunohistochemical staining for COX-2 and MMP-13 expression in the



skin (magnification x200). The methods for the animal experiments are described in the
Materials and Methods. Skin samples were stained for COX-2 and MMP-13 expression with
a specific polyclonal antibody and analyzed by microscopy. Hash symbols (#) indicate a
significant difference (p < 0.05) between the control group and the group exposed to UVB
alone; asterisks (* and **) indicate significant differences [(p < 0.05) and (p < 0.01),
respectively] between groups irradiated with UVB and CZE and the group exposed to UVB

alone. The data are represented as the mean + SD of five mice in each group.
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II1-3-4. Identification and quantification of phenolic compounds by LC-MS/MS and effect

of CZE compounds on UVB-induced MMP-1 promoter activity

To verity which compound has a major inhibitory effect on UVB-induced skin
inflammation and photoaging, | analyzed the composition of phenolic compounds in CZE.
The major phenolic compounds were listed by comparison of their mass spectra with the
standards (Figure III-5A and B). Curcumin and azulene were identified as the major phenolic
compounds in CZE (Figure III-5A and B). The concentrations present were calculated to be
3.93 + 0.14 and 3.36 + 0.05 pg/g of curcumin and azulene, respectively (Table III-2). The
MMP-1 promoter activity assay results showed that among the identified compounds in CZE,
curcumin had a strongest inhibitory effect on UVB-induced MMP-1 promoter activity

(Figure III-5C).
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Table I1I-2. Levels of 2 major phenolic compounds identified in CZE

Compound RT (min)®  Content (ug/g) ° MRM Transition (m/z) ¢
Curcumin 1.29 3.93+£0.14 369 — 285
Azulene 1.55 3.36 £ 0.05 129 — 78

% Retention time; ° Contents based on the dry weight (n = 3); © Multiple reaction monitoring.
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Figure III-5. LC-MS/MS chromatograms and effect of CZE compounds on UVB-induced
MMP-1 promoter activity. LC-MS/MS chromatograms of (A) Curcumin and (B) Azulene in
50 mg/L standard solution (left) and CZE (right). (C) Curcumin of CZE compounds inhibits
UVB-induced MMP-1 promoter activity. HaCaT cells were transfected with an MMP-1-
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luciferase plasmid in the presence or absence of stimulation with UVB (0.04 J/cm?) for 1 h.
The data represent the mean + SD values from three independent experiments. Hash symbols
(#) indicate a significant difference (p < 0.05) between the control group and the group
exposed to UVB alone; asterisks (* and **) indicate significant differences [(p < 0.05) and (p
< 0.01), respectively] between the groups irradiated with UVB and treated with the

compound, and the group exposed to UVB alone.
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II1-4. Discussion

In recent years, the incidence of various diseases and disorders related to ultraviolet
(UV) radiation has caused a significant burden on the healthcare system due to a high
incidence and considerable cost of treatment (Katiyar, 2016). Chronic and sustained exposure
of human skin to UV has been implicated in skin diseases through the generation of
inflammatory responses (Byun et al., 2010). Considerable interest has arisen for the use of
plant-based products for the prevention and treatment of skin diseases. Although various
natural sources including Matricaria flower and Aloe barbadensis exert preventive effects on
several skin diseases including skin inflammation and photoaging (Tabassum & Hamdani,
2014), more effective and safe treatments for skin inflammation and photoaging are still

needed.

UV irradiation causes skin inflammation and photoaging via induction of the
transcription factor AP-1, which regulates the expression of COX-2 and MMP-1 and -13,
respectively (Kuo, Chen, Chu, Lin, & Chiang, 2015; Vincenti & Brinckerhoff, 2001). In
order to develop effective anti-inflammatory and -photoaging agents, | created immortalized
human skin keratinocyte HaCaT cells containing the MMP-1 promoter plasmid. Interestingly,
although CZE exhibited an inhibitory effect on UVB-induced MMP-1 promoter activity, CZE
only suppressed UVB-induced MMP-13 expression, and not MMP-1 (data not shown).
Because the major transcription factor involved in regulation of the MMP-13 gene expression
is AP-1, it is reasonable that CZE suppressed UVB-induced MMP-13 expression. However,
why CZE only affected MMP-13 expression without impacting MMP-1 requires further

investigation.
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C. zedoaria exhibits a wide variety of beneficial biological properties, including
antiviral, antibacterial, immune-stimulating, anti-inflammatory, and anti-carcinogenic effects
(Bala Nambisan & Vimala, 2012). However, the protective effect of CZE against UV damage
and the mechanism of action have not previously been investigated. Because CZE strongly
suppressed AP-1 activity and COX-2 and MMP-13 expression, | analyzed the expression of
major signaling molecules influenced by CZE. Western blot assay results showed that CZE
suppressed  UVB-induced  phosphorylation  of  JNK1/2, MKK3/6/p38, B-
Raf/MEK1/2/ERK1/2, and Akt in HaCaT cells. These accumulated experimental results
indicate that CZE suppresses UVB-induced COX-2 and MMP-13 expression by regulating

the MAPKKs/MAPKS/AP-1 signaling pathways.

A previous study reported that activation of Src by UV leads to the phosphorylation
of epidermal growth factor receptor (EGFR) and p38/Akt and PI3K/Akt signaling pathways,
resulting in an increase in MMPs expression (Devary, Gottlieb, Smeal, & Karin, 1992;
Huveneers & Danen, 2009). Ultraviolet B radiation activates EGFR-MEK-ERK-dependent
keratinocyte survival, migration, and proliferation, and type | collagen synthesis is known to
be crucial for skin wound healing (J. Chen, Zeng, Forrester, Eguchi, Zhang, & Harris, 2016).
Additionally, our results show that CZE suppressed phosphorylation of all three MAPKs
including p38, ERK1/2, and JNK1/2 (with the exception of MKK4/7), as well as Akt. I,
therefore, hypothesized that CZE may affect the EGFR signaling pathway to inhibit UVB-
induced COX-2 and MMP-13 expression. However, our results showed that both EGFR and

Src phosphorylation were suppressed by CZE.

A previous paper reported that EGFR transactivation is shown to activate the
receptor indirectly, which is thought to be a major mechanism by which G-protein-coupled

receptor (GPCR) agonist stimulation leads to EGFR activation (Ohtsu, Dempsey, & Eguchi,
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2006). This pathway involves activation of metalloproteases belonging to the A Disintegrin
and A Metalloprotease family, which in turn cleaves membrane-anchored proligands of the
EGF family such as EGF, heparin-binding EGF, amphiregulin, betacellulin, epiregulin, or
transforming growth factor a at the receptor’s ectodomain (Schlessinger, 2002). In this study,
CZE regulated EGFR and JNK and p38 phosphorylation. Interestingly, CZE did not interfere
with B-Raf phosphorylation, although the Raf substrate MEK was strongly suppressed.
Therefore, | hypothesized that CZE affects EGFR and Raf activity and subsequently
suppressed AP-1/COX-2 and MMP-13. Further investigation is needed to support this

hypothesis.

| further confirmed that topical application of CZE suppresses chronic UV-irradiation
induced wrinkle formation in the skin of SKH-1 hairless mice. As expected, CZE prevented
chronic UV-induced up-regulation of COX-2 and MMP-13 expression in mouse skin.
Additionally, CZE prevented abnormal increase in epidermal thickness induced by UVB-
irradiaiton in mice. Because hyperplasia is a general marker for inflammation, it is presumed
that CZE has an anti-inflammatory effect by suppressing UVB-mediated hyperplasia of
mouse keratinocytes. The identification of bioactive compounds in functional foods is
necessary for a thorough investigation of the mechanisms of action. Although various
phytochemical constituents of the plant extract CZE have been reported (Chaithong et al.,
2006; Toshio, 2002), including B-elemene, 1,8-cineole, curcumin, isologifolene, azulene, and
octahydroantheracene, our LC-MS results only detected the presence of curcumin and
azulene. Several compounds including 1,8-cineole and B-elemene were detected when using
GC-MS; however, further compounds could not be detected. Therefore, a deeper analysis
using ESI-MS/MS is needed. To verify which compound exhibited the most potent anti-
inflammatory and photoaging effects, we compared the effect of CZE compounds on MMP-1
promoter activity in HaCaT cells. Curcumin exhibited the strongest inhibitory effect on

7]
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MMP-1 promoter activity. Curcumin, a bioactive photochemical has been previously
employed for the treatment of skin diseases and wound healing (Liu, Zhang, & Xu, 2018).
Tsai et al demonstrated that curcumin provided protection against UVB radiation-induced
skin cancer growth in a mouse model. Curcumin significantly inhibited NF-xB, COX-2,
PGE_, and nitric oxide (NO) levels while upregulation of p53 and p21/Cipl to prevent DNA

damage and facilitate DNA repair (Tsai et al., 2012).



II1-5. Conclusions

In this study, my in vitro and in vivo results indicate that CZE inhibits UVB-induced
COX-2 and MMP-13 expression. The results provide proof of concept for the importance of
EGFR and MAPKS signal transduction pathways as a major driving force for COX-2- and
MMP-13-mediated inflammation and photoaging, respectively. CZE application on the skin

may exert a preventive effect on UVB-induced skin inflammation and photoaging.
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Chapter 1V.

Syringic Acid Prevents Skin Carcinogenesis via

Regulation of Nox and EGFR Signaling
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Abstract

Validation of nutraceutical and pharmaceutical targets is essential for prediction of
physiological and side effects. Epidemiologic evidence and molecular studies suggest that
non-melanoma skin cancer is directly associated with excessive exposure to ultraviolet (UV)
radiation. The aim of the present study was to evaluate the inhibitory effects of syringic acid
on UVB-induced signaling and skin carcinogenesis, and determine the molecular targets.
Treatment of human epidermal keratinocytes (HaCaT) cells with syringic acid resulted in the
suppression of UVB-induced cyclooxygenase-2, matrix metalloproteinase-1, and
prostaglandin E, expression as well as activator protein-1 activity. Moreover, syringic acid
inhibited the UVB-induced phosphorylation of mitogen-activated protein kinases and Akt
signaling pathways as well as epidermal growth factor receptor (EGFR). Syringic acid
treatment further inhibited intracellular reactive oxygen species and protein-tyrosine
phosphatase-k activity, a regulator of EGFR activation. Syringic acid and the antioxidant N-
acetyl-L-cysteine inhibited UVB-induced nicotinamide adenine dinucleotide phosphate
(NADPH) oxidase activity. In vivo, pretreatment of mouse skin with syringic acid
significantly suppressed UVB-induced skin tumor incidence in a dose-dependent manner.
Overall, these results indicate that syringic acid exerts potent chemopreventive activity in
skin carcinogenesis mainly by inhibition of the Nox/PTP-x/EGFR axis. Syringic acid might
serve as an effective chemopreventive and therapeutic agent against UVB-mediated skin

cancer.
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IV-1. Introduction

Skin cancer is the most common form of cancer, accounting for at least 40% of cases
(Jemal, Siegel, Xu, & Ward, 2010; Rogers, Weinstock, Feldman, & Coldiron, 2015). The
incidence of new cases of skin cancer was reported to be 22.3 per 100,000 men and women
per year in 2010-2014, accounting for 2.7 deaths per 100,000 men and women annually (R.
Siegel, Naishadham, & Jemal, 2013; R. L. Siegel, Miller, & Jemal, 2016). Approximately 90%
of human skin cancers are considered to be caused by ultraviolet (UV)-induced damage
through excessive generation of the reactive oxygen species (ROS) (D'Orazio, Jarrett,
Amaro-Ortiz, & Scott, 2013). ROS is normally produced throughout oxygen metabolism and
play a major role in physiological and pathological redox signaling (Schieber & Chandel,
2014). Oxidative stress results in overproduction of ROS to directly induce damage to
cellular proteins, lipid, and DNA, resulting in an imbalance of cellular sources such as
NADPH oxidases, leading to carcinogenesis in the skin (Park, 2013; Svobodova, Walterova,

& Vostalova, 2006).

ROS are produced by energy transfer from UV irradiation, and thus UVB-ROS are
closely related to skin carcinogenesis via stimulating oncogenic signaling pathways (Lim,
Jung, Kim, Kim, Lee, Jang, et al., 2013; Sun, Park, Hwang, Zhang, Seo, Lin, et al., 2017).
Multiple lines of evidence have indicated that activation of epidermal growth factor receptor
(EGFR) mediated by UVB plays central roles in skin carcinogenesis. The oxidative damage
of protein tyrosine phosphatase-kappa (PTP-k) is one of the most important factors involved
in UVB-mediated EGFR activation (Herrlich, Karin, & Weiss, 2008; Xu, Baker, Quan,
Baldassare, Voorhees, & Fisher, 2010). Activated EGFR stimulates many intracellular
signaling pathways including p38 mitogen-activated protein kinase (MAPK) and

|
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phosphatidylinositol 3-kinase (PI13-K)/Akt pathways, leading to transcriptional activation of
the cyclooxygenase-2 (COX-2) gene (Lee, Lin, Hu, Chiang, Hsu, Lin, et al., 2016; Wu,
Silbajoris, Whang, Graves, Bromberg, & Samet, 2005). COXs are enzymes involved in the
synthesis of prostaglandins (PGs) (Ricciotti & FitzGerald, 2011), and COX-2 specifically
regulated inflammation via the production of PGE,. COX-2 is not normally expressed in most
tissues but can be induced by UVB irradiation causes inflammation, tumor promotion, and
cancer development (Elmets, Ledet, & Athar, 2014). Accordingly, recent studies have
demonstrated that drugs that block COX-2 expression may prevent the development of skin
cancers. In addition, abnormal expression of matrix metalloproteinase-1 (MMP-1) is a marker
for UVB irradiation-induced skin damage. Therefore, regulation of COX-2 and/or MMP-1
expression with a pharmaceutical inhibitor is a promising strategy to prevent cancer

development.

Syringic acid is a naturally occurring O-methylated trihydroxybenzoic acid. Syringic
acid can be found in the acai palm (Euterpe oleracea) and its oil, as well as in red or white
wine (Pacheco-Palencia, Mertens-Talcott, & Talcott, 2008). Compared with traditional
chemical agents, natural ingredients extracted from plants are known to be less toxic to
normal cells but are selectively toxic to cancer cells (Ryu, & Na, 2018). In our previous study;,
| found that Rhus javanica extract (RJE) attenuates UVB-induced photo-damage and
inflammation by modulating the expression of MMPs and COX-2 in SKH-1 hairless mice. In
addition, syringic acid the phenolic compound of RJE, exhibited the strongest inhibitory
effect on the transactivation of the transcription factor activator protein-1 (AP-1), which plays
an essential role in several biological processes such as inflammation and carcinogenesis (Ha,
Lee, Kim, Song, Lee, Kim, et al., 2016). Moreover, a previous study reported that syringic
acid could normalize hyperglycemia via glycoprotein components in experimental diabetic

rats, and showed a hepatoprotective effect of strong radical scavenging activity in liver

|

107



injured mice (Muthukumaran, Srinivasan, Venkatesan, Ramachandran, & Muruganathan,
2013). However, the mechanisms of syringic acid on oxidative stress and its chemopreventive

effect on UVB-induced skin carcinogenesis remain unclear.

In the present study, | sought to investigate the inhibitory effects of syringic acid on
UVB-induced skin carcinogenesis. | hypothesized that syringic acid might inhibit UVB
damage through suppressing the above oncogenic signaling pathway-related molecules. In an
in vitro experiment, | treated human epidermal keratinocytes (HaCaT cells) with syringic acid
and measured the gene and protein expression levels. In addition, a previous study reported
that excessive ROS impair PTP-k activity and subsequently increase EGFR phosphorylation;
therefore, | hypothesized that syringic acid may affect UVB-mediated ROS production
cascades and its producers. Accordingly, | detected the change in ROS due to syringic acid
treatment, which was compared to the effects of the FDA-approved antioxidant drug N-
acetyl-L-cysteine (NAC), which is commonly used to identify and test ROS inducers and to
inhibit ROS. Since NADPH oxidases of the Nox family are important enzymatic sources of
ROS, | further measured the effect of syringic acid on NADPH oxidase activity to determine
the potential targets mediating its inhibitory effects. To evaluate the therapeutic potential of
syringic acid, | conducted an in vivo experiment using the SKH-1 hairless mouse model that
received topical treatment of syringic acid prior to UVB exposure, and compared the tumor
incidence and expression of relevant molecules in the mouse skin. These results should
provide a foundation for the development of syringic acid as a novel, naturally derived

chemopreventive agent in skin cancer.
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IV-2. Materials and Methods

IV-2-1. Materials

Chemical reagents were purchased from Sigma—Aldrich (St Louis, MO, USA).
Dulbecco’s Modified Eagle’s Medium (DMEM), gentamicin, L-glutamine, penicillin—
streptomycin and fetal bovine serum (FBS) were obtained from Thermo Scientific HyClone
(Logan, UT, USA). The antibodies against MMP-1, MMP-13, PTP-x, EGFR, amphiregulin,
and B-actin were purchased from Santa Cruz Biotech (Santa Cruz, CA, USA). The antibodies
against COX-2, p44/42 MAP Kinase, SAPK/INK, p38 MAPK, phospho-p44/42 MAPK (Erk
1/2) (Thr202/Tyr204), phospho-SAPK/INK (Thr183/Tyr185), MKK3b, phospho-MKK3
(Ser189)/MKKS6 (Ser 207), SEK1/MKK4, phospho-SEK1/MKK4 (Ser257/Thr261), MEK1/2,
phospho-MEK1/2 (Ser217/221), phospho-c-Jun (Ser73), Akt, phospho-Akt (Thr308), Src,
phospho-Src (Tyr527), EGF receptor, phosphor-EGF receptor (Tyr 1068), and phosphor-EGF
receptor (Tyr 1045) were purchased from Cell Signaling Biotechnology (Beverly, MA, USA).
The antibody against phosphorylated p38 MAPK (pT180/pY182) was purchased from BD
Biosciences (Franklin Lakes, NJ, USA). The antibody against Oxidized PTP active site was

purchased from R&D systems (Biotechne, Minneapolis, MN).

IV-2-2. Cell culture, UVB exposure and viability assay

Human epidermal keratinocyte HaCaT cells were generous obtained from Dr. Zigang
Dong (The Hormel Institute, University of Minnesota, USA). HaCaT cells were maintained
in DMEM containing 10% FBS, 100 units/mL of penicillin and 100 mg/mL of streptomycin

at 37°C in a 5% CO; humidified incubator. UVB irradiation was conducted using a bank of
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four Westinghouse F520 lamps (National Biological, Twinsburg, OH) at 6 J/s/m light in the
UVB range. Approximately 10% of the additional radiation from the F520 lamp is in the
UVA spectrum (320 nm). A UVB exposure chamber was fitted with a Kodak Kodacel K6808
filter to eliminate all wavelengths below 290 nm. UVB radiation was measured using a UV X
radiometer (UVX-31). To assess cell viability, HaCaT cells (1x10° cells/mL) were seeded in
96-well plates and incubated at 37°C in a 5% CO; incubator. After the cells were treated with
syringic acid, 20 pL of MTS reagent (Promega, Madison, WI, USA) was added to each well.
After 1 h of incubation, absorbance levels for formazan at 490 and 690 nm were measured

using a microplate reader (Bio-Rad Inc., Hercules, CA, USA).

IV-2-3. Animal experiments

Six-week-old male SKH-1 hairless mice, weighing approximately 20-22 g, were
purchased from Central Laboratory Animal Inc. (Seoul, Korea). The mice were housed in an
air-conditioned room (23 = 2°C) with a 12-h light/dark cycle. They were allowed free access
to food and tap water. All animals received humane care, and the study protocol (KFRI-M-
16013) was approved and performed in accordance with guidelines for animal use and care at
Korea Food Research Institute. Twenty mice were randomly allocated to each group (five
mice per group, four groups in total): (i) control group (normal), (ii) UVB-irradiated group
(UVB), (iii) UVB-irradiated and 0.2 mM syringic acid -treated group and (iv) UVB-irradiated
and 1 mM syringic acid -treated group. The mice were topically treated with 200 uL. acetone
before UVB exposure 3 day/week for 22 weeks. UVB irradiation doses were increased each
week by 1 MED (1 MED = 50 mJ/cm?) to 4 MED and then maintained at 4 MED until 22

weeks had passed.
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1V-2-4. MMP-1 promoter assay

To evaluate the MMP-1 promoter activity, | constructed a pGreenFire (pGF1) vector
containing an MMP-1 promoter plasmid(Kim, Shin, Eun, & Chung, 2009). For stable
expression of pGF1 with the MMP-1 promoter, 293T cells were transfected with the pGF1
plasmid using Lipofectamine (ThermoFisher Scientific, MA, USA), following the
manufacturer’s instructions. The transfection medium was changed at 4 h after transfection,
and the cells were then cultured for 36 h. Virus particles were harvested by filtration using a
0.45 mm syringe filter, then combined with 8 mg/mL of polybrene (Millipore) and infected
into HaCaT cells for 24 h. The cell culture media was replaced with fresh culture medium
and the cells were further cultured for 24 h, prior to selection with puromycin (1 mg/mL) for
36 h. Selected HaCaT cells (8 x 10° cells/mL) were seeded into 96-well plates, which were
incubated at 37°C in a 5% CO, incubator. When the cells reached 80—90% confluence, they
were starved by culturing in serum-free DMEM for a further 24 h. Cells were then treated
with syringic acid for 1 hour prior to UVB (0.04 J/cm?) exposure and then incubated for 5 h.
Cells were disrupted with 100 pL of lysis buffer [0.1 M potassium phosphate buffer (pH 7.8),
1% Triton X-100, 1 mM dithiothreitol (DTT), and 2 mM EDTA], after which luciferase
activity was measured using a luminometer (SpectraMax L, Molecular Devices, Sunnyvale,

CA).

IV-2-5. PGE; assay

HaCaT cells (2 x 10° cells/mL) were seeded in 6-well plates and incubated at 37°C
for 24 h in a 5% CO, incubator. Cells were then treated with syringic acid for 1 h prior to
UVB (0.04 J/lcm?) exposure and then incubated for 20 h. The quantity of PGE; released into

the medium was measured using a PGE, enzyme immunoassay kit (Enzo Life Science,

|
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Farmingdale, NY, USA).

IV-2-6. Western blot assay

For in vitro Western blot assays, cells (1.5 x 10° cells/mL) were cultured in 10 cm
dishes for 24 h, followed by starvation in serum-free DMEM for 24 h. Cells were then treated
with syringic acid for 1 h and irradiated with UVB (0.04 J/cm?). After incubation, the cells
were collected and washed twice with cold PBS, before lysis in Cell Lysis Buffer (Cell
Signaling Biotechnology, Beverly, MA, USA) and maintained on ice for 30 min. The lysate
protein was washed via centrifugation and the concentration determined using a DC Protein
Assay kit (Bio-Rad Laboratories) following manufacturer’s instructions. The lysate was
subjected to 10% sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Immobilon® -P
transfer membrane). After transferring, the membranes were incubated with the specific
primary antibodies at 4°C overnight. Protein bands were visualized using a
chemiluminescence detection kit (ATTO, Tokyo, Japan) after hybridization with a

horseradish peroxidase (HRP)-conjugated secondary antibody.

For in vivo Western blots, mouse skin tissue was added to 2 mL microcentrifuge
tubes containing lysis buffer and stainless steel bead and subsequently homogenized twice for
2 min at 20 Hz in a TissueLyser Il (Qiagen, Valencia, CA, USA). Skin lysates were
centrifuged at 12,000 rpm for 20 min. After the protein content was determined, the skin
tissue extract was subjected to 10% SDS-PAGE and transferred to a PVDF membrane.
Membranes were processed, and proteins were analyzed as described above for in vitro

Western blot assay.
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IV-2-7. Measurement of ROS

Intracellular ROS generation was measured by fluorometric examination with
H,DCFDA. H,DCFDA is cleaved by non-specific cellular esterases and is oxidized in the
presence of H,O, and peroxidases to yield fluorescent 2',7'-dichlorofluorescein (DCF). In
brief, HaCaT cells (8 x 10° cells/mL) were seeded in a 96-well plate and allowed to attach
overnight. When the cells reached 80-90% confluence, they were starved by culturing in
serum-free DMEM for a further 24 h. The cells were treated with 0.04 J/cm? UVB and then
syringic acid was added to the medium at increasing concentrations within 1 h. The cells
were stained with 5 uM H,DCFDA. Immediately after the addition of syringic acid, the
fluorescence was measured in kinetic mode at an excitation wavelength of 485 nm and
emission wavelength of 520 nm using a fluorescent microscope (Nikon Eclipse Ti-S, Tokyo,
Japan). Images were analyzed using Metamorph (Molecular Devices, Danville, PA, USA)

software.

1V-2-8. PTP-x immunoprecipitation

HaCaT cell lysates were prepared in TGH buffer (50 mM Hepes, pH 7.2, 20 mM
NaCl, 10% glycerol, and 1% Triton X-100), and were pre-cleared with normal rabbit IgG
before incubation with PTP-k and EGFR antibody for 3 h at 4°C. Protein A-conjugated
agarose beads were then added, and incubation continued for 2 h at 4°C, followed by
extensive washing. The washed immunoprecipitates were subjected to a western blot assay.
For measurement of protein phosphatase activity, a tyrosine-phosphorylated peptide derived

from EGFR was added. Reactions were terminated by the addition of 100 uL of BIOMOL®
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Green Reagent (Enzo, Farmingdale, NY, USA) and the absorbance was measured at 620 nm.

IV-2-9. Histological analysis

Sections (5-pum thick) of 10% neutral formalin solution-fixed, paraffin-embedded
skin tissues were cut on silane-coated glass slides. The fixed tissue samples were washed
with distilled water, dehydrated using an ethanol gradient, cleared with xylene and embedded
in paraffin wax. The tissue sections were stained with hematoxylin and eosin (H&E).
Deparaffinized sections were heated for 15 min in 10 mM citrate buffer (pH 6.0) in a
microwave oven for antigen retrieval. For the detection of target proteins, slides were
incubated with affinity-purified primary antibody in a refrigerator overnight in 1% BSA
solution and then developed using the SignalStain® Boost IHC Detection Reagent (HPR,
rabbit) antibodies (Cell Signaling Biotechnology). Peroxidase-binding sites were detected by
staining with SignalStain®@ DAB Substrate Kit (Cell Signaling Biotechnology). Finally,
counterstaining was performed using Harris hematoxylin solution (Sigma—Aldrich). The
thickness of the epidermis and the MMP-13 and COX-2 were visualized using a fluorescent
microscope (Nikon Eclipse Ti-S, Tokyo, Japan) and images were analyzed using Metamorph

(Molecular Devices, Danville, PA) software.

IV-2-10. Statistical analysis

Where appropriate, data are expressed as the means + SD of three independent
experiments and significant differences were determined using one-way ANOVA (Analysis
Of Variance). A probability value of p < 0.05 was used as the criterion for statistical

significance.
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IV-3. Results

IV-3-1. Syringic acid inhibits UVB-induced COX-2 and MMP-1 expression, PGE,

production, and MMP-1 promoter activity in HaCaT cells

Syringic acid exhibited no detectable cell cytotoxicity up to 40 uM in HaCaT cells
(Figure TV-1B). Syringic acid significantly inhibited UVB-induced COX-2 and MMP-1
expression (Figure IV-1C and D), as well as PGE; production (Figure IV-1E). Using HaCaT
cells stably transfected with the MMP-1-luciferase reporter plasmid, | observed that syringic

acid significantly inhibited UVB-induced MMP-1 promoter activity (Figure IV-1F).
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Figure IV-1. Effects of syringic acid on UVB-induced COX-2 and MMP-1 expression,
PGE; production, and MMP-1 promoter activity in HaCaT cells. (A) Chemical structure of

syringic acid. (B) Syringic acid exhibited no detectable cell cytotoxicity up to 40 uM in
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HaCaT cells. Cell viability was measured by the MTS assay as described in the Methods. (C)
Syringic acid inhibits UVB-induced COX-2 expression in HaCaT cells. (D) Syringic acid
inhibits UVB-induced MMP-1 expression in HaCaT cells. Phosphorylation and expression
were detected by western blotting assay with specific antibodies. The data represent the
mean + SD of three independent experiments. (E) Syringic acid inhibits UVB-induced PGE;
generation in HaCaT cells. Expression levels of PGE, were determined using Prostaglandin
E, Express EIA kit. (F) Syringic acid inhibits UVB-induced MMP-1 promoter activity in
HaCaT cells. HaCaT cells were stably transfected with an AP-1-luciferase plasmid in the
presence or absence of stimulation with UVB (0.04 J/cm?) for 1 h. #, p < 0.05 between the
control group and the group exposed to UVB alone; *p < 0.05 and **p < 0.01 between

groups irradiated with UVB and syringic acid and the group exposed to UVB alone.
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IV-3-2. Syringic acid inhibits UVB-induced phosphorylation of MAPKs, MAPKKs, and

EGFR in HaCaT cells

Since the transcription factor AP-1 is regulated by the upstream MAPK (Karin &
Hawkins, 1996), | next examined the effects of syringic acid on the UVB-induced
phosphorylation of MAPKSs. Syringic acid inhibited the UVB-induced phosphorylation of
ERK1/2/JNK1/2/p38, MEK1/2/MKK4/7/MKK3/6, B-Raf, Akt, and Src in HaCaT cells
(Figure TV-2A-C). Moreover, syringic acid inhibited the UVB-induced phosphorylation of

EGFR on the tyrosine 1068 and 1045 residues (Figure IV-2D).
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Figure 1V-2. Effects of syringic acid on the UVB-induced phosphorylation of MAPKS,
MAPKKs, and EGFR in HaCaT cells. (A) Syringic acid inhibits the UVB-induced
phosphorylation of ERK1/2, JNK1/2, and p38 in HaCaT cells. (B) Syringic acid inhibits the

UVB-induced phosphorylation of MEK1/2, MKK4/7, and MKK3/6 in HaCaT cells. (C)
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Syringic acid inhibits the UVB-induced phosphorylation of B-Raf, Akt, and Src in HaCaT
cells. (D) Syringic acid inhibits the UVB-induced phosphorylation of EGFR (Tyr 1068) and
EGFR (Tyr 1045) in HaCaT cells. Phosphorylation and expression levels were detected by
western blotting with specific antibodies. The data represent the mean = SD of three
independent experiments. Densitometry measurements, normalized to B-actin and then

compared to control group, are indicated below the corresponding blot.
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IV-3-3. Syringic acid inhibits the UVB-induced oxidization of PTP-x in HaCaT cells

Given that syringic acid suppressed the phosphorylation of EGFR without affecting
EGFR expression, | hypothesized that syringic acid may affect the activity of the EGFR
phosphatase PTP-k. UVB irradiation of HaCaT cells decreased PTP-k activity, which was
significantly prevented by treatment with syringic acid (Figure IV-3A). However, PTP-x
protein levels were not changed following UVB irradiation with syringic acid (Figure IV-3D).
Immunoprecipitation of EGFR and PTP-k showed that the level of oxidized PTP-k was
increased by UVB irradiation, which was prevented by syringic acid (Figure IV-3B). In
addition, syringic acid inhibited the UVB-induced dissociation of binding between PTP-k and
EGFR in HaCaT cells (Figure IV-3B and C). However, syringic acid did not affect UVB-
induced amphiregulin expression (Data not shown), and there was no change in the levels of
the EGF-induced phosphorylation of EGFR and Src in HaCaT cells (Data not shown). These
results indicated that syringic acid blocks the UVB-mediated inactivation of PTP-kx and the

subsequent phosphorylation of EGFR.
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induced PTP-k as a regulator of EGFR activation in HaCaT cells. (D) PTP-x protein levels
were not changed following UVB irradiation and syringic acid treatment. #, p < 0.05 between
the control group and the group exposed to UVB alone; *p < 0.05 between groups irradiated
with UVB and syringic acid and the group exposed to UVB alone. PTP-k was
immunoprecipitated, and phosphatase activity was determined using a phosphorylated EGFR
peptide as substrate. Phosphatase activity was normalized to PTP-k protein content in the
immunoprecipitates, which was quantified by western blot analysis using chemifluorescent

detection. Results are the mean + SD of three independent experiments.
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IV-3-4. Syringic acid and NAC inhibit UVB-induced intracellular ROS generation in

HaCaT cells

To investigate the effect of syringic acid on UVB-induced ROS production, |
evaluated several potential probes that detect specific ROS species, and found that syringic
acid only affected CM-2’',7'-dichlorofluorescein diacetate (CM-H,DCFDA), (Figure IV-4A, B,
C and D), which is a hydrogen peroxide-detecting probe commonly used for the measurement
of hydrogen peroxide in intact cells (Singh, Schneider, Knyazev, & Ullrich, 2009). Therefore,
| assumed that syringic acid may affect NADPH oxidase activity and subsequently regulate
UVB-induced O,- production. To compare the antioxidant effect of syringic acid, | used the
established antioxidant NAC as a positive control. UVB irradiation increased intracellular
ROS levels, which was decreased with treatment of syringic acid in HaCaT cells (Figure IV-
4A and B). In particular, NADPH oxidase activity was markedly increased by UVB-
irradiation, which was inhibited by both syringic acid and NAC (Figure IV-4E). Moreover,
NAC inhibited the UVB-induced phosphorylation of EGFR, Src, and MAPKSs in HaCaT cells
(Figure TV-5A and B). These inhibitory effects were exactly in agreement with those of

syringic acid (Figure IV-2).
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generation in HaCaT cells. (D) Syringic acid was not affected UVB-induced mitochondrial
ROS generation in HaCaT cells. (E) Syringic acid and NAC inhibit UVB-induced NADPH
oxidase activity. Densitometry measurements, normalized to B-actin and then compared to
control group, are indicated below the corresponding blot. The data represent the mean £+ SD
of three independent experiments. #, p < 0.05 between the control group and the group
exposed to UVB alone; **p < 0.01 and ***p < 0.001 between groups irradiated with UVB

and syringic acid and the group exposed to UVB alone.
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IV-3-5. Syringic acid prevents UVB-induced skin tumorigenesis in SKH-1 hairless mice

To evaluate the direct anti-tumorigenic activity of syringic acid in vivo, | investigated
the effect of syringic acid on UVB-induced two-stage skin tumorigenesis. Representation
photographs of the tumors that developed in the mice are shown in Figure IV-5A,
demonstrating that syringic acid significantly inhibited UVB-induced mouse skin cancer
development compared with the UVB-only irradiated mice. Topical application of syringic
acid on the mouse skin reduced the tumor number by 17.7% at 0.2 mM and by 35.7% at 1
mM compared to the UVB-only irradiated group (Figure IV-6B). Skin tumors developed
after 10 weeks in the UVB-only-treated group, whereas tumor development in the syringic
acid-treated group was delayed by 1-2 weeks in the SKH-1 mice (Figure IV-6C). Further, the
syringic acid-treated mice showed a significant reduction in epidermal thickening by 48.4%

compared to the UVB irradiation-only mice (Figure IV-6D).
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Figure IV-6. Effects of syringic acid on UVB-induced skin carcinogenesis in the SKH-1

hairless mouse. Control mice (n = 5) received topical treatment of 200 pL acetone (no UVB),

and experimental mice (n = 5) were topically treated with 200 pL acetone before UVB (0.2

Jlcm?) exposure (3 days/week for 22 weeks). The mice in the third and fourth groups received

topical application of syringic acid (0.2 or 1 mM, respectively, per mouse in 200 pL acetone)
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on the dorsal surface 1 h before UVB (0.2 J/cm?) irradiation 3 days/week for 22 weeks. (A)
External appearance of tumors. (B) Syringic acid inhibits UVB-induced cancer incidence in
the SKH-1 hairless mouse. (C) Syringic acid retarded the incidence of skin tumors compared
with the UVB only-treated group. (D) Syringic acid inhibits UVB-induced increasing mouse
epidermal thickness. Hematoxylin and eosin-stained images of UVB-irradiated mouse skin.
Images are representative of results from 5 tissue samples. #, p < 0.05 between the control
group and the group exposed to UVB alone; *p < 0.05 and **p < 0.01, between groups

irradiated with UVB and syringic acid and the group exposed to UVB alone.
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IV-3-6. Syringic acid inhibits UVB-induced COX-2 and MMP-13 expression in SKH-1

hairless mice

Similar to in vitro results, the western blot assay showed that syringic acid
significantly inhibited UVB-induced COX-2 and MMP-13 expression in the skin of SKH-1
hairless mice (Figure IV-7A). Immunohistochemical analysis confirmed the syringic acid-

dependent inhibition of UVB-induced COX-2 and MMP-13 expression (Figure IV-7B).
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Figure TV-7. Effect of syringic acid on UVB-induced COX-2 and MMP-13 expression in
SKH-1 hairless mice. (A) Syringic acid inhibits UVB-induced COX-2 and MMP-13
expression in SKH-1 hairless mice. Skin samples from mice were analyzed for COX-2 and

MMP-13 expression by western blot. (B) Immunohistochemical staining for COX-2 and
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MMP-13 expression in the skin (magnification 200x). Skin samples were stained for COX-2
and MMP-13 expression with a specific polyclonal antibody and analyzed by microscopy. #,
p < 0.05 between the control group and the group exposed to UVB alone; *p < 0.05 between
groups irradiated with UVB and syringic acid and the group exposed to UVB alone. The data

represent the mean + SD of five mice per group.
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IV-4. Discussion

Skin cancer is one of the most common forms of cancer worldwide, which is largely
caused by UV exposure (Vaid, Singh, Prasad, & Katiyar, 2014). Indeed, UV irradiation is a
complete carcinogen, capable of causing cell transformation and promoting tumor formation.
ROS are constantly generated and eliminated in biological systems and are required to drive
regulatory pathways (Oh, Kim, Park, Yi, Park, Rho, et al., 2013). Under normal physiological
conditions, cells control ROS levels by balancing the generation with their elimination via
scavenging system (Liou & Storz, 2010; Schafer & Werner, 2015). However, when the UV-
induced generation of ROS exceeds the capacity of chemical and enzymatic redox system in
cells, the oxidative damage can lead to the development of chronic diseases, including cancer

(Lobo, Patil, Phatak, & Chandra, 2010).

One of the main damaging features of this response to UV is the induction of AP-1,
which is mediated by numerous cytokines, COX-2, and MMPs (Rundhaug & Fischer, 2008).
Fischer et al. (Fischer, Pavone, Mikulec, Langenbach, & Rundhaug, 2007) found that mice
with COX-2 deficiency showed a 50-65% decrease in UV-induced tumor multiplicity
compared with wild-type mice, highlighting the major role of COX-2 in UVB-induced skin
cancer. Indeed, in the present study, the MMP-1 reporter gene assay and western blot assay
clearly showed that syringic acid could strongly suppress UVB-induced COX-2 and MMP-1
expression, as well as PGE; production, by suppressing MMP-1 promoter activity. Since our
previous study showed that phytochemicals from plants have strong chemopreventive effects
via the suppression of AP-1/COX-2 signaling pathways, the present results strongly support

the potent chemopreventive effects of syringic acid.
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UV irradiation to skin activates several oncogenic signaling pathways (de Gruijl et
al., 2001). Once hyperactivated by UV, EGFR up-regulates the expression of MAPKSs and Akt
in HaCaT cells and in the skin of SKH-1 hairless mice (Jung et al., 2010; Xu, Shao, Zhou,
\oorhees, & Fisher, 2009). | observed that syringic acid could effectively suppress this UVB-
induced phosphorylation of EGFR, Src, MAPKKs/ MAPKSs, and Akt in HaCaT cells. EGFR
plays a central role in UV-induced carcinogenesis, promoting cancer cell growth and survival.
UV regulates ADAM activity and consequently cleaves amphiregulin, a ligand for EGFR
(Nakayama, Fukuda, Inoue, Nishida-Fukuda, Shirakata, Hashimoto, et al., 2012; Singh,
Schneider, Knyazev, & Ullrich, 2009). Therefore, among the multiple mechanisms of EGFR
activation, 1 initially hypothesized that syringic acid would affect the ADAM and
amphiregulin levels; however, syringic acid did not influence UVB-induced amphiregulin
expression or the EGF-induced phosphorylation of EGFR and Src in HaCaT cells. Therefore,
| excluded the possibility that syringic acid regulates EGFR activity via modulating

production of the EGFR ligand.

UV-mediated EGFR activation has been reported to be closely related to the
phosphor (Paulsen, Truong, Garcia, Homann, Gupta, Leonard, et al., 2012; Rittie & Fisher,
2002). PTP-x is a phosphatase that regulates the phosphorylation/activation of the intra-
cytoplasmic domain of membrane-bound EGFR (Xu, Shao, Voorhees, & Fisher, 2006), and
inhibition ~ of  protein  tyrosine  phosphatases  increases intrinsic  receptor
phosphorylation/activation by shifting the balance toward the phosphorylated state (Xu, Tan,
Grachtchouk, Voorhees, & Fisher, 2005). In support of this mechanism, syringic acid
significantly increased PTP-k activity, as a regulator of EGFR activation in HaCaT cells.
Zorov et al (Zorov, Juhaszova, & Sollott, 2014) indicated that UV-induced ROS production
impaired PTP-k activity. Indeed, our immunoprecipitation and western blot assay results
clearly showed that syringic acid strongly blocks the UV-induced oxidation of PTP-k;

7]
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however, syringic acid did not affect PTP-k or EGFR expression. Collectively, these results
indicate that syringic acid suppresses UVB-induced EGFR phosphorylation via inhibition of

the oxidation of PTPx.

Moreover, both syringic acid and the known antioxidant NAC inhibited UVB-
induced intracellular ROS generation in HaCaT cells. NAC also inhibited the UVB-induced
phosphorylation of EGFR, Src, and MAPKSs in HaCaT cells, showing a similar role to
syringic acid. NADPH oxidase (Nox) is the key enzyme responsible for ROS production, and
its inhibition thus represents an attractive therapeutic target for the treatment of many
diseases related to oxidative stress (Jaquet, Scapozza, Clark, Krause, & Lambeth, 2009).
Although UVB radiation enhanced NADPH oxidase activity, both syringic acid and NAC
inhibited these effects. Interestingly, although NAC had a higher inhibitory effect on UVB-
induced NADPH oxidase activity, the concentration of syringic acid (40 uM) was 10 times
lower than that of NAC. Currently, several antioxidants that targets NADPH oxidase are
commonly used as pharmaceuticals or in research (Williams & Griendling, 2007). However,
because of their lack of specificity and isoform selectivity, effective novel inhibitors are still
desired. These results suggest that syringic acid acts as an inhibitor of Nox to reduce ROS.
However, prior to the application of syringic acid as a pharmaceutical inhibitor of Nox, the
binding affinity between syringic acid and Nox should be investigated and the specific

binding site should be further elucidated.

The SKH-1 mouse line is a common model used in research on UV carcinogenesis
(Jung et al., 2010). Chronic exposure of these mice to UVB irradiation leads to the
development of benign epidermal tumors. | further confirmed that syringic acid suppresses
chronic UV-irradiation induced skin cancer in the skin of SKH-1 hairless mice. As expected,

topical application of syringic acid prevented chronic UV-induced tumor incidence and the

137



up-regulated expression of COX-2 and MMP-13 in the mouse skin.
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IV-5. Conclusions

Overall, my study demonstrates that syringic acid exerted excellent inhibitory effects
on UV-induced skin carcinogenesis by targeting the Nox/ROS/PTP-k/EGFR axis. Thus,
syringic acid is expected to have highly beneficial effects in the prevention of skin
carcinogenesis. Syringic acid is a naturally derived compound with antioxidative, anti-
inflammatory, and anti-carcinogenesis effects. However, its inhibitory mechanisms remain
unclear, and its effects on UV-induced oxidative damage to the skin have not been examined.
Here, | demonstrate that syringic acid suppressed the UVB-induced activation of AP-1/COX-
2 signaling pathways in human Keratinocytes, and reduced tumor formation in the skin of
UV-irradiated hairless mice, strongly supporting its potent chemopreventive activity.
Syringic acid can serve as a pharmaceutical inhibitor of NADPH oxidase to inhibit UV-
induced reactive oxygen species production and prevent skin cancer development,

highlighting its potential as a natural therapeutic agent.
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