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ABSTRACT
Lycii Fructus, also known as wolfberry, Goji berries and Gou Qi Zi, possesses
various characteristics including radical scavenging,

anti-aging, anti-tumor,

cytoprotective, neuroprotective, antiglaucoma and immunomodulatory activities, and
improves control of glucose and other diabetic symptoms. Polysaccharides, carotenoids,
ascorbic acid and its glycosylated precursors, phenolic acids, and flavonoids have been
reported to represent biologically-active components isolated from Lycii Fructus.
Chlorogenic acid (CGA), a predominant phenolic acid in the Lycii Fructus, an ester of
caffeic acid and (−)-quinic acid.

In addition to CGA, quercetin glycosides are also the

main polyphenol compound in wolfberry.

Quercetin glycosides are converted into

phenolic acids, including 3,4-dihydroxyphenylacetic acid (DOPAC), by colonic
microflora.

In addition to their radical scavenging potential, phenolic acids might

have a protective effect against oxidative stress via up-regulation of the cytoprotective
enzymes.

However, to the best of my knowledge, it has not been fully elucidated

whether phenolic acids can potentiate the gene expression of the drug-metabolizing
enzymes.

In this study, I have focused on the induction of phase 2 drug-metabolizing

enzymes and aldehyde dehydrogenase by Lycii Fructus extract (LFE), CGA, and
DOPAC to prevent the hydrogen peroxide- and acetaldehyde-induced cytotoxicity.
In the Chapter 2, I investigated the role of the indirect antioxidative action in the
cytoprotective effect of LFE in murine hepatoma Hepa1c1c7 cells.

LFE significantly

enhanced the expression of the drug-metabolizing enzyme genes, such as heme
oxygenase-1 (HO-1), NAD(P)H: quinone oxidoreductase 1 (NQO1), glutamatecysteine ligase catalytic subunit (GCLC), cystine/glutamate exchanger (xCT) and
cytochrome P450 1A1 (CYP1A1), and intracellular glutathione level in Hepa1c1c7
cells.

Western blot analysis revealed that LFE stimulated the nuclear translocation of

nuclear factor (erythroid-derived 2)-like 2 (Nrf2) as well as aryl hydrocarbon receptor
(AhR), suggesting that the activation of both the Nrf2- and AhR-dependent pathways
plays an important role in the concerted regulation of cytoprotective gene expressions.
x

Cell viability experiments revealed that the pretreatment of LFE for 24 h, but not for
30 min, completely inhibited the cytotoxic effect of hydrogen peroxide.

Furthermore,

CGA also exhibited cytoprotective effects against hydrogen peroxide-induced
cytotoxicity with up-regulation of the phase 2 drug-metabolizing enzyme genes.

The

present study provided biological evidence that LFE and CGA induce cytoprotective
responses against oxidative stress through the inducible expression of the antioxidant
enzyme genes.
In the Chapter 3, I investigated the effects of LFE, CGA, DOPAC and quercetin
against ultraviolet B (UVB)-induced cytotoxicity in human keratinocyte HaCaT cells.
Preliminary experiments showed that not only LFE and CGA, but also quercetin and
DOPAC dose-dependently inhibited the hydrogen peroxide-induced cytotoxicity.
LFE and the three phenolic compounds stimulated the expression of antioxidant
enzyme genes, including HO-1, NQO1 and GCLC in human keratinocytes.

They also

mitigated cytotoxicity induced by UVB irradiation (50 mJ/cm2) in HaCaT cells.
These results suggested that the inducible expression of the antioxidant enzyme genes
might be effective on the protection against UVB-induced oxidative stress.
In the Chapter 4, I examined the modulating effects of LFE as well as CGA and
its catabolites on the acetaldehyde-induced cytotoxicity in Hepa1c1c7 cells.

Cell

viability assay showed that LFE, CGA and its catabolites ameliorated the acetaldehydecytotoxicity.

In addition, CGA significantly protected the ethanol-induced

cytotoxicity.

LFE, CGA and its catabolites enhanced the total ALDH activity,

suggesting that not only LFE, but also CGA and its metabolites, have an ability to
impair the acetaldehyde-induced cytotoxicity through the enhancement of the ALDH
enzymatic activity.

RT-PCR and western blot experiments revealed that CGA

significantly increased the gene and protein expression of ALDH1A1, ALDH2 and
ALDH3A1.

CGA significantly stimulated the nuclear translocation of Nrf2 and AhR.

Moreover, silencing Nrf2 counteracted the protective effect of CGA on the
acetaldehyde-induced cytotoxicity.

The enhanced ALDH enzymatic activity and

gene expression of ALDHs by CGA were also impaired by Nrf2 siRNA.
xi

These results

strongly suggested that CGA ameliorates the acetaldehyde-induced cytotoxicity,
possibly through the enhancement of the ALDH expression with activation of the Nrf2dependent pathway.
The present study provides biological evidence that (1) LFE and its major
constituent, CGA, exhibits cytoprotective effects on hydrogen peroxide-cytotoxicity
through an indirect antioxidant action in murine hepatoma Hepa1c1c7 cells; (2) LFE
and CGA mitigates the cytotoxicity induced by not only hydrogen peroxide, but also
UVB with the transcriptional regulation of Nrf2 and AhR in human keratinocyte HaCaT
cells; (3) CGA shows the cytoprotection against acetaldehyde with the enhanced ALDH
enzymatic activity.

In conclusion, the present study represents a potentially efficient

strategy to prevent the oxidative stress- and alcohol-induced cytotoxicity by dietary
phenolic acids.
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CHAPTER 1
General Introduction
1.1 Food phytochemicals
Food phytochemicals are compounds that are produced by plants ("phyto" means
"plant"). They are found in fruits, vegetables, grains, beans, and other edible plants.
Some of these phytochemicals such as polyphenols, flavanols, glucosinolates are
believed to protect cells from damage that could lead to chronic diseases of cancer
(Scalbert et al., 2011). Phytochemicals has a reputation of “the cancer fighters in your
foods” Some researchers think that you could reduce your cancer risk by as much as
40% by eating more vegetables, fruits, and other plant foods that have certain
phytochemicals in them. Because these phytochemicals are in the fruits, vegetables,
beans, and grains you eat, it's fairly easy to include them in your diet.

Phytochemicals

under research can be classified into major categories, such as carotenoids and
polyphenols, which include phenolic acids, flavonoids, and stilbenes/lignans (Heneman
et al., 2008).
1.1.1 Lycii Fructus
Lycii Fructus, a kind of edible plant which also known as wolfberry, Goji berries
and Gou Qi Zi, is the dried ripe fruits of Lycium chinense and L. barbarum, which has
long been used as a traditional food material with various health-promoting
characteristics in East Asia (Potterat, 2010).

Lycii Fructus has long been used as a

traditional food and folk medicine in East Asia, it possesses various health-promoting
characteristics

including

antioxidant,

antiaging,

anti-tumor,

cytoprotective,

neuroprotective, antiglaucoma and immunomodulatory activities, and promotes
endurance and improves control of glucose and other diabetic symptoms (Zhang et al.
2010; Li et al. 2007, 2011; Tang et al. 2011).

Polysaccharides, carotenoids, ascorbic

acid and glycosylated precursors, phenolic acids, and flavonoids have been reported to
represent biologically-active components isolated from Lycii Fructus (Le et al., 2007).
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1.1.2 Chlorogenic acid
Chlorogenic acid (CGA), the predominant phenolic acid in the lycii fructus, an
ester of caffeic acid and (−)-quinic acid. It is an important antioxidant compound found
in foods, such as lycii fructus, coffee, apples, pears, etc.

CGA has been reported to be

a potent polyphenol antioxidant, because it has a catechol group, which can scavenge
hydroxyl radicals and superoxide anion radicals to protect cells from oxidative injury.
CGA also possesses anti-bacterial and anti-carcinogenic properties (Kono et al., 1997;
Santos et al., 2006; Ozyürek et al, .2008). CGA has shown its photo-protection against
UV-induced skin damage in animal model and displayed the suppression on UVBrelated ROS mediated cellular processes in vivo (Feng et al., 2005; Kitagawa et al.,
2011). CGA prevents acetaminophen-induced liver injury through inhibiting its
metabolism and involved with CYP450 metabolic enzymes and some antioxidant
signals (Pang et al., 2015). CGA protects MC3T3-E1 cells against H2O2-induced
oxidative damage by enhancing Nrf2 nuclear translocation and upregulating HO-1
induction via PI3K/Akt signaling pathway (Han et al., 2017). CGA protects against
acetaminophen-induced hepatotoxicity and alcohol-induced liver injuries through
antioxidative pathway in liver cells (Wei et al., 2018; Kim et al., 2018).
Around 65% of ingested CGA is metabolized in the colon and converted into
caffeic acid (CA) and quinic acid (QA) (Pari et al., 2007). CA protects H2O2-induced
cell damage in human lung fibroblast cells (Kang et al., 2006) as well as has a beneficial
effect in reducing the adverse effect of alcohol (Pari et al., 2007). Furthermore,
Dihydrocaffeic acid (DHCA) is a metabolite of CA with potent antioxidant properties.
It is a potential candidate for photo-protection by interfering with the events initiated
after UV exposure in keratinocytes (Poquet et al., 2008). QA, another main metabolite
of CGA, is a normal constituent of our diet, capable of conversion to tryptophan and
nicotinamide via the gastrointestinal (GI) tract microflora (Pero et al., 2009).
1.1.3 Quercetin
Quercetin is the aglycone form of flavonoid glycosides, which is one of the
ubiquitous flavonoids in fruits and vegetables，especially in red onions.
2

Previous

study showed that quercetin 4′-glucoside were converted into smaller phenolic acids by
colonic microflora, 3,4-dihydroxyphenylacetic acid (DOPAC) is one of the main
metabolites (Mullen et al., 2008). It has been reported that DOPAC was identified as a
predominant bioactive catabolite of quercetin glycosides (Tang et al., 2016). DOPAC
also has been reported to ameliorate acetaldehyde-induced cytotoxicity by enhancing
aldehyde dehydrogenase activity in murine hepatoma cells (Liu et al., 2017).

Fig. 1.1. Structures of some polyphenols.

1.2 Oxidative stress
Oxidative stress has been defined as a disturbance in the balance between the
production of reactive oxygen species (free radicals) and antioxidant defenses, which
may lead to tissue injury (Betteridge, 2000). The shift in the balance between oxidants
and antioxidants in favor of oxidants is termed “oxidative stress”.
Disturbances in the normal redox state of cells can cause toxic effects through the
production of peroxides and free radicals that damage all components of the cell,
including proteins, lipids, and DNA. Oxidative stress from oxidative metabolism
3

causes base damage, as well as strand breaks in DNA. Further, some reactive oxidative
species act as cellular messengers in redox signaling. Thus, oxidative stress can cause
disruptions in normal mechanisms of cellular signaling.
1.2.1 Reactive oxygen species
Reactive oxygen species (ROS) are produced by living organisms as because of
normal cellular metabolism and environmental factors, such as air pollutants or
cigarette smoke. ROS are highly reactive molecules and can damage cell structures
such as carbohydrates, nucleic acids, lipids, and proteins and alter their functions (Esra
Birben et al., 2012). ROS are produced by cellular metabolic activities and
environmental factors, such as air pollutants or cigarette smoke. ROS are highly
reactive molecules because of unpaired electrons in their structure and react with
several biological macromolecules in cell, such as carbohydrates, nucleic acids, lipids,
and proteins, and alter their functions.

ROS also affects the expression of several

genes by upregulation of redox-sensitive transcription factors and chromatin
remodeling via alteration in histone acetylation/deacetylation. Regulation of redox state
is critical for cell viability, activation, proliferation, and organ function (Esra Birben et
al., 2012).
1.2.2 Ultraviolet B
Ultraviolet B (UVB), one of the three types of invisible light rays (together with
ultraviolet A and ultraviolet C) given off by the sun. Although UVC is the most
dangerous type of ultraviolet light in terms of its potential to harm life on earth, it cannot
penetrate earth's protective ozone layer because of the shortest wavelength. Therefore,
it poses no threat to human, animal or plant life on earth.

UVA and UVB, on the other

hand, do penetrate the ozone layer in attenuated form and reach the surface of the planet.
UVA has the longest wavelength and reaches deep into the layers of skin (dermis)
causing aging or wrinkling. Whereas, UVB has largest effect on the top layer of skin
(epidermis), causing redness, burning and skin cancer. Thus, scientists long blamed
UVB as the sole culprit in deep into skin, generating ROS and causing skin cancer in
persons with a history of sunburn and repeated overexposure to ultraviolet radiation.  
4

CGA has shown its photo-protection against UV-induced skin damage in animal model
and displayed the suppression on UVB-related ROS mediated cellular processes in vivo
(Feng et al., 2005; Kitagawa et al., 2011).
1.2.3 Antioxidants
The human body is equipped with a variety of antioxidants that serve to
counterbalance the effect of oxidants (Esra Birben et al., 2012). Antioxidants protect
your body's cells from free radicals — unstable molecules created during normal cell
functions. Pollution, radiation, cigarette smoke, and herbicides also can create free
radicals in your body. Free radicals can damage a cell's genetic parts and may trigger
the cell to grow out of control. These changes may contribute to the development of
cancer and other diseases. As a rule, dark-colored fruits and vegetables have more
antioxidants than other fruits and vegetables.

1.3 Ethanol metabolism
Ethanol, also called alcohol or drinking alcohol, is mainly metabolized in the liver.
Ethanol metabolism occurs in two steps: Ethanol is metabolized quickly by alcohol
dehydrogenase (ADH) to generate acetaldehyde, then acetaldehyde is metabolized by
the mitochondrial aldehyde dehydrogenase (ALDH) to acetate acid. Acetaldehyde is
very diffusible and crosses biological membranes, can be circulated in the blood. Its
toxicity increases the risk of tissue injury, which leads to steatohepatitis, cirrhosis, liver
failure or hepatocellular carcinoma (Ishii et al., 1997; Lee et al., 2013; Chen et al., 2014).
Simultaneously, excessive consumption of alcohol promotes oxidative stress, which
enhanced the generation of reactive oxygen species (ROS) or depletion of the
antioxidant defense system, causing an imbalance between pro-oxidants and
antioxidants (Reinke et al., 1987; Zeng et al., 2013).
1.3.1 Aldehyde dehydrogenase
The aldehyde dehydrogenase (ALDH) superfamily is composed of NAD(P)➕dependent enzymes that catalyze aldehyde oxidation. To date, 19 ALDH genes have
been identified in the human genome (Marchitti et al., 2008). ALDH catalyzes the
5

conversion from toxic acetaldehyde to acetic acid. ALDH1A1 is an effective enzyme
in the metabolism of lipid aldehydes (Makia NL et al., 2012). ALDH2 expresses at a
high level in the liver tissue of humans and play a major role in the acetaldehyde
metabolism (Agarwal et al., 1981). ALDH3A1 belongs to the phase 2 drugmetabolizing enzymes and assists ALDH2 in the metabolism of acetaldehyde and
ethanol in vivo (Muzio G et al., 2011; Chen et al., 2015). ALDH3A1 also protects
airway epithelial cells from cigarette smoke-induced DNA damage and cytotoxicity
through AhR-mediated pathway (Jang J H et al., 2014). Benzyl isothiocyanate
ameliorates acetaldehyde-induced cytotoxicity by enhancing aldehyde dehydrogenase
activity in murine hepatoma Hepa1c1c7 cells (Liu et al., 2017).
In addition, some ALDHs may play a critical role in cellular homeostasis by
maintaining redox balance, a number of ALDH genes are upregulated as a part of the
oxidative stress response. However, ALDH genes mutation or ALDH polymorphism
certainly contributes to the positive association with abnormal reaction or liver injuries
in Asian populations.
1.3.2 ALDH2 mutation
Deficiency in mitochondrial aldehyde dehydrogenase (ALDH2), a tetrameric
enzyme, results from inheriting one or two ALDH2*2 alleles. In Asian countries, about
40% of the population have the mutation of ALDH2 (ALDH2*2), which causes
significant damage to the liver and facial flushing, vasodilation and tachycardia after
alcohol consumption (Xiao et al., 1995; Chen et al., 2014; Gross et al., 2015).   Rutin
attenuates neurotoxicity induced by ethanol and plays a pivotal role as a key activator
of ALDH2, resulting in conversion of the toxic ethanol metabolite acetaldehyde to
nontoxic acetic acid (Song et al., 2014).

1.4 Nrf2/ARE and AhR/XRE pathways
It well known that the Nrf2/ARE and AhR/XRE pathways represent the important
antioxidative defense mechanisms.

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2)

and aryl hydrocarbon receptor (AhR) play a pivotal role in the transcriptional regulation
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of the drug-metabolizing enzyme gene expressions (Nakamura et al., 2010). A
ubiquitous flavonoid, quercetin, has been shown to activate the transcription factor Nrf2
(Surh et al., 2008) and to act as an exogenous ligand of AhR (Satsu et al., 2015).

Cross

talk between the AhR and Nrf2 pathways is plausible because the gene promoter of
Nrf2 has a functional XRE (Ashida et al., 2008). Thus, the regulation of AhR by nontoxic food phytochemicals has been of considerable interest because it is likely that
detoxification of toxic xenobiotics could be enhanced by concerted induction of phase
1 and 2 enzymes by AhR-dependent mechanisms (Nakashima et al., 2016).
1.4.1 Keap1/Nrf2/ARE pathway
Nrf2 binds to antioxidant response element (ARE) and induces a number of Nrf2dependent phase 2 drug-metabolizing genes, including NQO1, HO-1, GCLC, etc.
(Nakamura et al., 2010). Han found that CGA protects MC3T3-E1 cells against H2O2induced oxidative damage by enhancing Nrf2 nuclear translocation and upregulating
HO-1 induction via PI3K/Akt signaling pathway (Han et al., 2017). Caffeic acid
phenethyl ester (CAPE) was reported to exert indirect antioxidant capacity by upregulating the expression of phase 2 antioxidant and detoxifying enzyme HO-1 via the
ERK-Nrf2 signaling pathway (Kim et al., 2014). In addition, Ellagic acid protects
human keratinocyte cells against UVA-induced oxidative stress and apoptosis through
the upregulation of the HO-1 and Nrf2 antioxidant genes (Hseu et al., 2012).
Chitooligosaccharides can protect against ethanol-induced oxidative damage in human
L02 normal liver cells through inhibition of ROS generation, activation of Nrf2 and
reduction of MAPK phosphorylation (Luo et al., 2014).
1.4.2 AhR/ARNT/XRE pathway
AhR, a ligand-dependent transcription factor activated by a variety of synthetic
and natural molecules, binding to xenobiotic responsive element (XRE), mainly
contributes not only to the inducible expression of phase 1 enzyme genes including
CYP1A1 (Nakamura et al., 2018), but also to the Nrf2-mediated gene expression of the
phase 2 enzyme genes (Ciolino et al., 1999; Miao et al., 2005). It has reported that CGA
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prevents acetaminophen-induced liver injury through inhibiting its metabolism and
involved with CYP450 metabolic enzymes and some antioxidant signals (Pang et al.,
2015). Jang J H demonstrated that CSE robustly upregulates ALDH enzymatic activity
in human bronchial epithelial cells through a mechanism dependent on AhR-mediated
ALDH3A1 expression (Jang J H et al., 2014).

Fig. 1.2. Diagram of the direct and indirect antioxidative action.

1.5 Study outlines
In this study, I have focused on the induction of phase 2 drug-metabolizing
enzymes and aldehyde dehydrogenase by Lycii Fructus extract (LFE), chlorogenic acid
(CGA) and 3,4-dihydroxyphenylacetic acid (DOPAC) to prevent the hydrogen
peroxide- and acetaldehyde-induced cytotoxicity.
I determined the role of the indirect antioxidative action in the cytoprotective
effect of LFE in murine hepatoma Hepa1c1c7 cells.

Cell viability experiments

revealed that the pretreatment of LFE and CGA for 24 h completely inhibited the
cytotoxic effect of hydrogen peroxide with up-regulation of the phase 2 drugmetabolizing enzyme genes.
I investigated the effects of LFE, CGA, DOPAC and quercetin against ultraviolet
B (UVB)-induced cytotoxicity in human keratinocyte HaCaT cells.
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LFE and the three

phenolic compounds stimulated the expression of antioxidant enzyme genes, including
HO-1, NQO1 and GCLC in human keratinocyte HaCaT cells.

They also mitigated

cytotoxicity induced by UVB irradiation. These results suggested that the inducible
expression of the antioxidant enzyme genes might be effective on the protection against
UVB-induced oxidative stress.
I examined the modulating effects of LFE, CGA and its catabolites on the
acetaldehyde-induced cytotoxicity in Hepa1c1c7 cells.

LFE, CGA and its catabolites

ameliorated the acetaldehyde-cytotoxicity with the enhanced ALDH activity by
transcriptional regulation.
In conclusion, the present study represents a potentially efficient strategy to
prevent the oxidative stress- and alcohol-induced cytotoxicity by dietary phenolic acids.
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CHAPTER 2
Lycii fructus extract ameliorates hydrogen peroxide-induced
cytotoxicity through indirect antioxidant action
2.1 Introduction
Lycii Fructus, also known as Gou Qi Zi, is the dried ripe fruits of Lycium chinense
and L. barbarum, both of which are called wolfberry or Goji berries and belong to the
Solanaceae family and are closely related species with similar uses (Potterat et al.,
2010).

Lycii Fructus has long been used as a traditional food and folk medicine in

East Asia. Recent studies have found that Lycii Fructus possesses various healthpromoting

characteristics

including

antioxidant,

neuroprotective,

and

immunomodulatory activities in the context of age-related diseases including
atherosclerosis, cancer, neurodegeneration and diabetes (Potterat et al., 2010; Amagase
et al., 2011).

Polysaccharides, carotenoids, ascorbic acid and glycosylated precursors,

flavonoids, and phenolic acids have been reported to represent biologically-active
components isolated from the fresh wolfberry (Amagase et al., 2011; Le et al., 2007).
Among the biological activities, the antioxidant properties have been well
investigated by various in vitro and in vivo assays. The mechanisms of the antioxidant
action are suggested to involve reducing capacity, metal ion chelation and radical
scavenging activity (Le et al., 2007).

The fresh L. chinense fruit extract also recovers

the cellular activities of several antioxidant enzymes decreased by hydrogen peroxide
(Zhang et al., 2010). In a mouse skin model, the oral administration of the fresh
wolfberry juice significantly inhibited lipid peroxidation induced by UVA irradiation,
possibly through production of endogenous skin antioxidants (Reeve et al., 2010).
These results led us to hypothesize that, in addition to its radical scavenging properties,
the dried Lycii Fructus extract (LFE) might have a protective effect against oxidative
stress via induction of the antioxidant enzyme activities.

However, to the best of our

knowledge, it has not been elucidated whether LFE alone can potentiate the gene
expression of the drug-metabolizing enzymes.
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In the present study, we investigated the significant role of the indirect
antioxidative action in the LFE-induced cytoprotective effect in vitro.

We

demonstrated for the first time that LFE enhanced the expression of the drugmetabolizing enzyme genes, such as NAD(P)H: quinone oxidoreductase 1 (NQO1),
heme oxygenase-1 (HO-1), glutamate-cysteine ligase catalytic subunit (GCLC), a
component of cysteine/ glutamate antiporter (cystine/glutamate exchanger; xCT) and
cytochrome P450 1A1 (CYP1A1), as well as the intracellular glutathione (GSH) level
in mouse hepatoma Hepa1c1c7 cells with the nuclear translocation of aryl hydrocarbon
receptor (AhR) as well as nuclear factor (erythroid-derived 2)-like 2 (Nrf2).

Cell

viability experiments revealed that the pretreatment of LFE for 24 h completely
inhibited the cytotoxic effect of hydrogen peroxide.

Furthermore, the effect of a main

constituent of LFE, chlorogenic acid (CGA), on the hydrogen peroxide-induced
cytotoxicity and the drug-metabolizing enzyme gene expression was examined.

This

study provides evidence showing that LFE represents a potential antioxidant material
with indirect enhancement of the cytoprotective gene expression.
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2.2 Materials and methods
2.2.1 Materials
The 50%-ethanol extract of Lycii Fructus (edible quality grade, Kukoshiekisu A),
the dried fruits of L. barbarum and L. chinense originated from Ningxia Hui
Autonomous Region, China, was obtained from Matsuura Yakugyo (Nagoya, Japan).
The extract was frozen dried before experiment. Chlorogenic acid was obtained from
MP Biomedicals, LLC (Santa Ana, CA, USA). α-Minimum essential medium (αMEM), and Trizol reagent were purchased from Life Technologies (Carlsbad, CA,
USA). Fatal bovine serum (FBS) was purchased from Nichirei Corporation (Tokyo,
Japan). Primary antibodies against AhR (Cat No. sc-133088) and Lamin B1 (Cat No.
sc-377000) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Antibodies against Nrf2 (Cat #12721) was purchased from Cell Signaling Technology
(Beverly, MA, USA). Pierce™ BCA Protein Assay Kit was purchased from Thermo
Scientific (Meridian Rd., Rockford. USA). All other chemicals were purchased from
obtained from Wako Pure Chemicals Industries (Osaka, Japan) or Nacalai Tesque
(Kyoto, Japan).
2.2.2 Cell culture
The mouse hepatoma cell line Hepa1c1c7, obtained from the American Type
Culture Collection, was grown and maintained at 37oC in a 5% CO2 atmosphere in αMEM containing 10% FBS, 4 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml
streptomycin. For experiments, cells were seeded in complete medium and treated with
reagent or dimethyl sulfoxide (DMSO) vehicle (final 0.1%, v/v).
2.2.3 Reverse transcription-polymerase chain reaction (RT-PCR)
Total cellular RNA was isolated using Trizol reagent according to the
manufacturer’s recommendations. RNA was quantified by measuring absorbance at
260 nm with a spectrophotometer (V630 Bio, JASCO Corporation, Tokyo, Japan).
Total RNA (8 µg) was reverse transcribed to cDNA using M-MLV reverse transcriptase.
PCR amplification was then performed with Taq polymerase and specific primers.
Primers are as follows: mNQO1, (F) 5ʹ – TCgAAgAACTTTCAgTATCC – 3ʹ and (R)
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5ʹ- TgAAgAgAgTACA TggAgCC – 3ʹ (20 cycles, product size 290 bp); mGCLC, (F)
5ʹ

–

ggCgATgTTCTTgAgACTCTgC

–

3ʹ

and

(R)

5ʹ

–

TTCCTTCgATCATgTAACTCCCATA – 3ʹ (26 cycles, product size 99 bp); mHO-1,
(F) 5ʹ-gTgATggAgCgTCCACAgC – 3ʹ and (R) 5ʹ- TggTggCCTCCTTCAAgg – 3ʹ (26
cycles, product size 66 bp); mxCT, (F) 5ʹ – CCTggCATTTggACgCTACAT – 3ʹ and
(R) 5ʹ- TgAgAATTgCTgTgAgCTTgCA −3ʹ (25 cycles, product size 182 bp);
mCYP1A1,

(F)

5ʹ-

CCTCTTTggAgCTgggTTTg

–

3ʹ

and

(R)

5ʹ-

TgCTgTgggggATggTgAAg −3ʹ (24 cycles, product size 229 bp). The PCR products
were separated on an agarose gel (3% or 4%), stained with ethidium bromide, and
visualized under UV light (Luminescent Image Analyzer LAS-3000, FUJIFILM
Corporation, Tokyo, Japan). The relative density analysis of the bands was carried out
using the Image J Software Program.
2.2.4 Glutathione titration
GSH contents were determined using 5,5ʹ-dithiobis (2-nitrobenzoic acid) and GSH
reductase according to the method of Baker et al (Baker et al., 1990).
2.2.5 Western blot analysis
Cells were washed with ice-cold phosphate buffered saline (PBS) (-). For
separation of nuclear fraction, the cells were first suspended with buffer-1 (10 mM
HEPES, pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM DTT, 10 mM
NaF, 1 mM Na3VO4 and PMSF) containing PIC. After 0.4% NP-40 were added, cell
lysates were centrifuged at 500 g for 4 min. The supernatant was prepared as
cytoplasmic extractions. After washing with buffer-1 twice again, precipitates were
suspended in buffer-2 (20 mM HEPES (pH 7.9), 400 mM NaCl, 1mM EDTA, 1mM
EGTA, 1 mM DTT, 10 mM NaF, 1 mM Na3VO4 and 1 mM PMSF) containing PIC,
then centrifuged 18,000 g for 20 min. The supernatant containing 10 µg protein were
prepared for SDS-PAGE. Protein concentration in the nuclear fraction was quantified
using a BCA protein assay. After SDS-PAGE purification, proteins were transferred to
nitrocellulose membranes (Bio-Rad Laboratories, Cat No. #1620094, Hercules, CA,
USA). After being blocked by 5% skim milk, the membranes were incubated with the
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primary antibody overnight at 4°C followed by an appropriate secondary antibody.
Secondary antibody binding was visualized using a Chemi-Lumi One Super under a
chemiluminescence system (Luminescent Image Analyzer LAS-3000, FUJIFILM
Corporation, Tokyo, Japan). The relative density analysis of the bands was carried out
using the Image J Software Program (National Institutes of Health, Bethesda, MD,
USA).
2.2.6 Cell viability determination
Hepa1c1c7 cells (5 × 104) were suspended in a 96-well plate. After overnight
preculture, the cells were incubated with LFE or CGA for 30 min or 24 h. After washing
with PBS, the cells were treated with hydrogen peroxide (100 µM) for 6 h. After
stimulation, 10 µL of an MTT solution was added to each well, and the absorbance was
measured with a microplate reader (Benchmarkplus, Bio-Rad laboratories, Hercules,
CA, USA) at 530 nm after incubation at 37°C for 2–3 h in a humidified CO2 incubator.
The obtained values were compared with each of the controls incubated with vehicle
only.
2.2.7 Trypan blue dye exclusion assay
Trypan blue dye exclusion assay was carried out for quantitative analysis of cell
viability. Cell suspensions were mixed with 0.4% Trypan blue stain. Viable cells (cells
that excluded blue dye) were counted using a hemocytometer (Bürker-Türk) under a
light microscope.
2.2.8 Statistical analysis
All values were expressed as means ± SD. Statistical significance was analyzed
by a one-way ANOVA followed by Tukey’s HSD using XLSTAT software.
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2.3 Results
2.3.1 Lycii fructus extract induces the gene expression of several drugmetabolizing enzymes
We investigated whether LFE (commercially available and edible quality grade)
has the ability to induce the gene expression of the drug-metabolizing enzymes,
including NQO1, GCLC, xCT, HO-1, and CYP1A1. The incubation of Hepa1c1c7 cells
with LFE for 24 h led to a significant increase in the mRNA levels of not only phase 2
drug-metabolizing enzyme genes, such as NQO1, GCLC, HO-1 and xCT, but also a
phase 1 gene, CYP1A1 (Figure 2.1). We also confirmed the dose-dependent effect of
LFE on the expression of these drug-metabolizing enzymes (Figure 2.1). These results
suggested that LFE might induce the expression of the drug-metabolizing enzymes
through the common pathway(s) for both phase 1 and 2 gene induction.
Because LFE induced the gene expression of GCLC and xCT, both of which play
an important role in the GSH biosynthesis, the effects of LFE on the intracellular total
GSH level were determined. As shown in Figure 2.2, the treatment of Hepa1c1c7 cells
with LFE for 24 h exhibited a significant and dose-dependent enhancement in the
intracellular GSH level. These results suggested that LFE might enhance the cellular
GSH level through a transcriptional regulation of the GSH biosynthesis related genes.
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Fig. 2.1. Modulating effects of Lycii fructus extract (LFE) on the gene expression of
the drug metabolizing enzymes.

The total RNA was extracted from Hepa1c1c7 cells

treated with LFE at the indicated concentrations for 24 h, then a RT-PCR analysis for
NQO1, GCLC, HO-1, xCT and CYP1A1 was carried out. All values were expressed as
means ± SD of three separate experiments. Different letters above the bars indicate
significant differences among the treatments for each condition (p < 0.05).
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Fig. 2.2. Modulating effects of Lycii fructus extract (LFE) on the intracellular GSH
level.

Hepa1c1c7 cells were treated with LFE for 24 h and the total GSH level was

measured by a DTNB assay. All values were expressed as means ± SD of three separate
experiments. Different letters above the bars indicate significant differences among the
treatments for each condition (p < 0.05).

2.3.2 Lycii fructus induces nuclear translocation of Nrf2 and AhR
Nrf2 and AhR play a pivotal role in the transcriptional regulation of the drugmetabolizing enzyme gene expressions (Nakamura et al., 2010; 2018). Nrf2 binds to
antioxidant response element (ARE) and induces a number of Nrf2-dependent phase 2
drug-metabolizing genes, including NQO1, HO-1, GCLC, etc (Nakamura et al., 2010;
2018).

AhR, the transcription factor binding to xenobiotic responsive element (XRE),

mainly contributes not only to the inducible expression of phase 1 enzyme genes
including CYP1A1, but also the Nrf2-mediated gene expression of the phase 2 enzyme
genes (Ciolino et al., 1999; Miao et al., 2005). Thus, we examined the nuclear
translocation of Nrf2 and AhR by Western blotting. As shown in Figure 2.3, the
treatment of LFE significantly increased the nuclear level of AhR as well as Nrf2. These
results suggested that LFE actually activated both the Nrf2/ARE and AhR/XRE
pathways, possibly through enhancement of their nuclear translocation.
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Fig. 2.3. Modulating effects of Lycii fructus extract (LFE) on the Nrf2 and AhR levels
in Hepa1c1c7 cells.

Nuclear cell lysates (10 µg/lane) were analyzed by

immunoblotting using antibodies that specifically recognize AhR, Nrf2, and Lamin B1.
(A) Representative blots and quantitative data for (B) AhR and (C) Nrf2. All the values
were expressed as means ± SD of three separate experiments. Different letters above
the bars indicate significant differences among the treatments for each condition (p <
0.05).

2.3.3 Lycii fructus shows an antioxidant effect after a 24-h incubation
LFE has been reported to show a significant scavenging effect against free radicals
(Zhang et al., 2010). LFE also exhibited the inducing effect on some enzymes (HO-1
and GCLC) producing endogenous antioxidants such as biliverdin and GSH (Figures
2.1 and 2.2). These results prompted us to examine whether LFE protects the cells from
oxidative stress through its direct radical scavenging action or indirect antioxidant
action regulated by the transcriptional level. The inhibitory effect of LFE on the
hydrogen peroxide-induced cytotoxicity was evaluated by an MTT assay. Although the
incubation of LFE (0.9 mg/ml), 30 min before the hydrogen peroxide treatment, showed
no effect on the cytotoxicity (Figure 2.4 (A)), pretreatment with LFE for 24 h inhibited
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it (Figure 2.4 (B)). As shown in Figure 2.4 (C), the data of a trypan blue dye exclusion
assay showed the similar result to the MTT assay data. Thus, the treatment with LFE at
the concentration required for the inducible expression of the drug-metabolizing
enzymes actually exhibited an antioxidant effect in Hepa1c1c7 cells.

Fig. 2.4. Effect of Lycii fructus extract (LFE) on the hydrogen peroxide-induced
cytotoxicity in Hepa1c1c7 cells.

Hepa1c1c7 cells were pretreated with LFE (0.9

mg/mL) for 30 min (A) or 24 h (B and C), then treated with hydrogen peroxide (100
µM) for 6 h. Cell viability was measured using an MTT assay (A and B) or a Trypan
blue dye exclusion assay (C). All values were expressed as means ± SD of three
separate experiments. Different letters above the bars indicate significant differences
among the treatments for each condition (p < 0.05).

2.3.4 Chlorogenic acid is one of the predominant antioxidants in LFE
Since CGA is the most abundant phenolic acid in the fresh wolfberry (Zhang et
al., 2016), the effect of CGA on the hydrogen peroxide-induced cytotoxicity was
19

examined. As shown in Figure 2.5 (A), the pretreatment of CGA for 24 h significantly
impaired the hydrogen peroxide-induced cytotoxicity. Also, the treatment of CGA for
24 h significantly induced the gene expression of HO-1 and NQO1 in a dose-dependent
manner (Figure 2.5 (B) and (C)). Furthermore, we examined whether CGA induces the
nuclear translocation of Nrf2 and AhR. As shown in Figure 2.3, the treatment of LFE
significantly increased the nuclear level of AhR as well as Nrf2. These results suggested
that CGA actually activated both the Nrf2/ARE and AhR/XRE pathways, possibly
through enhancement of their nuclear translocation, similar to the action of LFE. Rutin,
one of the major flavonoids in LFE (Zhang et al., 2016), showed little effect on the HO1 and NQO1 gene expression (data not shown). Thus, CGA was identified as one of the
possible predominant antioxidants in LFE.

Fig. 2.5. Effect of chlorogenic acid (CGA) on the hydrogen peroxide-induced
cytotoxicity and the gene expression of HO-1 and NQO1.

(A) Hepa1c1c7 cells were

pretreated with CGA at the indicated concentration for 24 h, then treated with hydrogen
peroxide (100 µM) for 6 h. Cell viability was measured using an MTT assay. (B) and
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(C) The total RNA was extracted from Hepa1c1c7 cells treated with CGA at the
indicated concentrations for 24 h, then a RT-PCR analysis for HO-1 and NQO1 was
carried out. All values were expressed as means ± SD of three separate experiments.
Different letters above the bars indicate significant differences among the treatments
for each condition (p < 0.05).

Fig. 2.6. Effect of chlorogenic acid (CGA) on the Nrf2 and AhR levels in Hepa1c1c7
cells.

Nuclear cell lysates (10 µg/lane) were analyzed by immunoblotting using

antibodies that specifically recognize AhR, Nrf2, and Lamin B1. (A) Representative
blots and quantitative data for (B) AhR and (C) Nrf2. All values were expressed as
means ± SD of three separate experiments. Different letters above the bars indicate
significant differences among the treatments for each condition (p < 0.05).
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2.4 Discussion
In the present study, we identified LFE as one of the promising materials from
medicinal foods, in terms of the inducible potentials of the antioxidant enzyme gene
expression.

Previous study demonstrated that, among the 45 common vegetable

samples, only the 8 extracts at a concentration of 200 µg/mL significantly induced
NQO1 activity in vitro (Hashimoto et al., 2002). The effective concentration of the
tested LFE required for the phase 2 enzyme induction (>180 µg/mL, Figure 2.1) is quite
similar with those of the vegetables such as broccoli, celery, parsley, etc. (Zhang et al.,
2010), supporting an idea that LFE is an equivalent source of the phase 2 enzyme
inducers to such vegetables.
LFE significantly and dose-dependently enhanced not only the mRNA levels of
all the tested genes (Figure 2.1), but also the intracellular GSH level (Figure 2.2). The
concentration dependency of LFE for the intracellular GSH level was closely correlated
with that for the gene expression of xCT and GCLC. Furthermore, the antioxidant effect
in Hepa1c1c7 cells was actually exhibited by the 24-h treatment of LFE at the
concentration required for the induction of the GSH-related genes, such as xCT and
GCLC, as well as the GSH up-regulation, suggesting the significant role of GSH in the
cellular antioxidant action.
Various molecular targets for the drug-metabolizing effects of food
phytochemicals have been identified. For example, a ubiquitous flavonoid, quercetin,
activates the transcription factor Nrf2 and acts as an exogenous ligand of AhR (Surh et
al., 2008; Ciolino et al., 1999). Nrf2 induces a number of phase 2 drug-metabolizing
genes, including NQO1, GSTs, HO-1, and GCLC.

AhR plays an important role in

regulating the expression of not only CYPs including CYP1A1, but also the phase 2
genes, such as NQO1 and GSTA1 (Ciolino et al., 1999). Cross talk between the AhR
and Nrf2 pathways is plausible because the gene promoter of Nrf2 has a functional
XRE (Miao et al., 2005). Thus, the regulation of AhR by non-toxic food
phytochemicals has been of considerable interest because it is likely that detoxification
of toxic xenobiotics could be enhanced by concerted induction of phase 1 and 2
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enzymes by AhR-dependent mechanisms (Satsu et al., 2015). Thus, LFE might be able
to activate both the Nrf2- and AhR-dependent pathways (Figure 2.3) and thus
coordinately enhance the phase 2 drug-metabolizing enzyme expression.
Among the food constituents, aromatic compounds with the coplanar or non-bulky
conformation, including flavonoids, indole compounds, curcumin, and phenolic acids,
have been reported to act as AhR ligands as well as Nrf2 activators (Nakamura et al.,
2010; Ashida et al., 2008; Nakashima et al., 2016; Liu et al., 2017). We observed that
CGA, the major phenolic acid in the fresh wolfberry and also in LFE (Zhang Q et al.,
2016; Zhang XF et al., 2018), showed the significant cytoprotective effect on the
hydrogen peroxide-induced cytotoxicity with the enhanced gene expression of HO-1
and NQO1 (Figure 2.5). CGA showed the similar effects on the nuclear translocation
of AhR and Nrf2 as well as the HO-1 and NQO1 gene expression (Figures 2.5 and 2.6)
to those of LFE (Figures 2.1 and 2.4). These results suggested that CGA might be one
of the predominant antioxidants in LFE.
The fresh wolfberry represents an excellent source of CGA, because the content
of CGA in the extract of fresh wolfberry is 113–526 µg/g (Zhang Q et al., 2016) and
comparable to the polyphenol-rich foods, such as instant coffee, apple juice, Maté as
well as blueberry (Clifford et al., 2017; Gavrilova et al., 2011). However, other LFE
constituents might contribute to the total antioxidant activity of LFE, because the CGA
content in the fresh wolfberry is not enough to explain it. In addition to CGA, rutin is
also the main polyphenol compound in the fresh wolfberry, accompanied by small
amounts of hyperoside, quercetin, and morin (Potterat et al., 2010; Amagase et al.,
2011). Considerable amounts of flavonoid glycosides including rutin can pass through
the small intestine, and the conjugated glycosides are removed from the flavonoid
molecules by bacterial enzymes in the colon (Murota et al., 2018). We previously
reported that their aglycone quercetin and catabolites produced by gut microbiota
showed an enhancing effect on the gene expression of the phase 2 drug-metabolizing
enzymes and protected from hydrogen peroxide-induced cytotoxicity in mouse
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hepatoma hepa1c1c7 cells (Tang et al., 2016), suggesting that rutin could also be a
potential in vivo antioxidant of LFE.

2.5 Conclusion
The present study provided biological evidence that LFE and CGA induces
cytoprotective responses against oxidative stress through the inducible expression of
the antioxidant enzyme genes. Since LFE and CGA have some advantages for
application as a food material without severe toxicity, future efforts will be concerned
with further understanding the signaling pathway of the antioxidant enzyme induction
as well as identification of the other compounds contributing to the indirect
antioxidative action.
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CHAPTER 3
Lycii Fructus extract and its phytochemicals ameliorate UVBinduced cytotoxicity in Human keratinocytes HaCaT cells
3.1 Introduction
Reactive oxygen species (ROS) are produced by living organisms because of
normal cellular metabolism and environmental factors, such as air pollutants, cigarette
smoke or Ultraviolet (UV) irradiation. ROS are highly reactive molecules and can
damage cell structures such as carbohydrates, nucleic acids, lipids, and proteins and
alter their functions (Esra Birben et al., 2012). UV irradiation is the most common
environmental factor that damages the human skin. Excessive exposure to UV
irradiation generates ROS in skin and leads to the activation of transcription factors that
induces the expression of pro-inflammatory cytokines and metalloproteinase (MMPs)
resulting cellular senescence. Collagen-degrading MMP-1 is upregulated and serves as
the primary MMP in UV-exposed skin. Therefore, excessive degradation of collagen
and matrix by UV-induced MMPs is a characteristic feature of photo-damaged skin,
and MMP is used as a major marker of UVB-induced photoaging as well as skin
inflammation (Pillai et al., 2005; Podhaisky et al., 2002).
Ultraviolet B (UVB), one of the three types of invisible light rays (together with
ultraviolet A and ultraviolet C) given off by the sun. Although UVC is the most
dangerous type of ultraviolet light in terms of its potential to harm life on earth, it cannot
penetrate earth's protective ozone layer because of the shortest wavelength. Therefore,
it poses no threat to human, animal or plant life on earth.

UVA and UVB, on the other

hand, do penetrate the ozone layer in attenuated form and reach the surface of the planet.
UVA has the longest wavelength and reaches deep into the layers of skin (dermis)
causing aging or wrinkling. Whereas, UVB has largest effect on the top layer of skin
(epidermis), causing redness, burning and skin cancer. Thus, scientists long blamed
UVB as the sole culprit in deep into skin, generating ROS and causing skin cancer in
persons with a history of sunburn and repeated overexposure to ultraviolet radiation.
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Lycii Fructus has long been used as a traditional food and folk medicine in East
Asia, it possesses various health-promoting characteristics including antioxidant,
antiaging,

anti-tumor,

cytoprotective,

neuroprotective,

antiglaucoma

and

immunomodulatory activities, and promotes endurance and improves control of
glucose and other diabetic symptoms (Zhang et al. 2010; Li et al. 2007, 2011; Tang et
al. 2011).

Chlorogenic acid (CGA) has shown its photo-protection against UV-

induced skin damage in animal model and displayed the suppression on UVB-related
ROS mediated cellular processes in vivo (Feng et al., 2005; Kitagawa et al., 2011).
Quercetin is the aglycone form of flavonoid glycosides, which is one of the ubiquitous
flavonoids in fruits and vegetables，especially in red onions.

Previous study showed

that quercetin 4′-glucoside were converted into smaller phenolic acids by colonic
microflora, 3,4-dihydroxyphenylacetic acid (DOPAC) is one of the main metabolites
(Mullen et al., 2008). It has been reported that DOPAC was actually identified as a
predominant bioactive catabolite of quercetin glycosides (Tang et al., 2016). DOPAC
also has been reported to ameliorate acetaldehyde-induced cytotoxicity by enhancing
aldehyde dehydrogenase activity in murine hepatoma cells (Liu et al., 2017).
However, the biological evidence of Lycii Fructus extract (LFE), CGA and
DOPAC, quercetin induce cytoprotective responses against UVB irradiation have not
yet been elucidated. The present study examined the effects of LFE, CGA, DOPAC and
quercetin against UVB-induced cytotoxicity in human keratinocyte HaCaT cells.
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3.2 Materials and methods
3.2.1 Materials
Quercetin and DOPAC were obtained from Sigma Aldrich (St. Louis, MO, USA).
3.2.2 Cell culture
The human keratinocyte cell line HaCaT cells, obtained from the American Type
Culture Coll ection, was grown and maintained at 37oC in a 5% CO2 atmosphere in
DMEM containing 10% FBS, 4 mM L-glutamine, 100 U/ml penicillin, and 100 µg/ml
streptomycin. For experiments, cells were seeded in complete medium and treated with
reagent or dimethyl sulfoxide (DMSO) vehicle (final 0.1%, v/v).
3.2.3 Ultraviolet B irradiation
HaCaT cells were suspended at a density of 9 × 104 cells per well in a 96-well
plate. After 24 h pre-culture，the cells were treated with LFE (50, 100, 250, 500 and
1000 µg/ml), CGA (5, 10, 25, 50 and 100 µM), quercetin (0.5, 2.5, 5, 10 and 25 µM) or
DOPAC (5, 10, 25, 50 and 100 µM) for 24 h before UVB irradiation (50 mJ/cm2) while
covered with 50 µl HBSS in each well using UVB lamp. The UVB exposure was
measured with a radiometer (PMA2100, Solar Light Company, Inc., Glenside, PA,
USA). After UVB irradiation, the cells were washed with warm PBS, and incubated
with medium for 24 h. After incubating, 10 µl of an MTT solution was added to each
well at 37°C for 2 h in a humidified CO2 incubator. The MTT containing formazan
crystals in living cells were solubilized in DMSO, then the absorbance was measured
with a microplate spectrophotometer (Benchmark plus, Bio-Rad laboratories, Hercules,
CA, USA) at 570 nm according to the manufacturer's instructions. The obtained values
were expressed as percentages compared with each of the controls.
3.2.4 Reverse transcription-polymerase chain reaction (RT-PCR)
Total cellular RNA was isolated using Trizol reagent according to the
manufacturer’s recommendations. RNA was quantified by measuring absorbance at
260 nm with a spectrophotometer (V630 Bio, JASCO Corporation, Tokyo, Japan).
Total RNA (8 µg) was reverse transcribed to cDNA using M-MLV reverse transcriptase.
PCR amplification was then performed with Taq polymerase and specific primers.
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Primers are as follows: hNQO1, (F) 5ʹ –AgAAgAgCACTgATCgTACTgg– 3ʹ and (R)
5ʹ-CgTAATTgTAAgCAAACTCTCCTATg– 3ʹ (27 cycles); hGCLC, (F) 5ʹ –
ATCATCAATgggAAggAAggT– 3ʹ and (R) 5ʹ –gTCATTAGTTCTCCAgATgCTC–
3ʹ (25 cycles); hHO-1, (F) 5ʹ-gATTgCCCAgAAAgCCCTggAC – 3ʹ and (R) 5ʹCTgTCgCCACCAgAAAgCTgAg – 3ʹ (27 cycles); The PCR products were separated
on an agarose gel (3%), stained with ethidium bromide, and visualized under UV light
(Luminescent Image Analyzer LAS-3000, FUJIFILM Corporation, Tokyo, Japan). The
relative density analysis of the bands was carried out using the Image J Software
Program.
3.2.5 Western blot analysis
See Chapter 2

3.2.6 Statistical analysis
See Chapter 2
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3.3 Results
3.3.1 LFE, CGA, quercetin and DOPAC dose-dependently inhibited the hydrogen
peroxide-induced cytotoxicity.
Preliminary experiments (Figure.3.1) showed that not only Lycii fructus extract
(LFE) and chlorogenic acid (CGA), but also quercetin and 3,4- dihydroxyphenylacetic
acid (DOPAC) significantly and dose-dependently inhibited the hydrogen peroxideinduced cytotoxicity in HaCaT cells

Fig. 3.1. Impairing effects of Lycii fructus extract (LFE), chlorogenic acid (CGA),
quercetin and 3,4-dihydroxyphenylacetic acid (DOPAC) on the cytotoxicity induced
by hydrogen peroxide.

HaCaT cells were treated with DMSO or LFE (A), CGA (B),

quercetin (C) and DOPAC (D) respectively at the indicated concentrations for 24 h,
then changed the medium and treated with H2O2 (100 µM) for 6 h. Cell viability was
measured using MTT assay. All values were expressed as means ± SD of three separate
experiments. Different letters above the bars indicate significant differences among the
treatments for each condition (p < 0.05).
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3.3.2 LFE, CGA, DOPAC and quercetin significantly inhibited the UVB-induced
cytotoxicity.
The preliminary experiment of UVB irradiation only on the HaCaT cells (data not
shown) showed that UVB irradiation led to a tendency suppression of HaCaT cell
viability. Cell viability: 90%, 10 mJ/cm2; 83%, 25mJ/cm2; 69%, 50mJ/cm2; 44%,
100mJ/cm2; 28%, 150mJ/cm2. We chose 50mJ/cm2 as the intensity of UV toxicity. As
shown in figure.3.2, LFE (Figure.3.2 (A)), CGA (Figure.3.2 (B)) and DOPAC
(Figure.3.2 (D)) dose-dependently inhibited the UVB-induced cytotoxicity. whereas,
lower concentration of quercetin significantly exhibited the ability to against the
cytotoxicity induced by UVB (Figure.3.2 (C)).

Fig. 3.2. Impairing effects of Lycii fructus extract (LFE), chlorogenic acid (CGA),
quercetin and 3,4-dihydroxyphenylacetic acid (DOPAC) on the cytotoxicity induced
by UVB.

HaCaT cells were treated with DMSO or LFE (A), CGA (B), quercetin (C)

and DOPAC (D) respectively at the indicated concentrations for 24 h, then removed the
medium, irradiated (50 mJ/cm2) with 50 µl HBSS using UVB lamp. After UVB
irradiation, washed with warm PBS, and incubated with new medium for 24 h. Cell
viability was measured using MTT assay. All values were expressed as means ± SD of
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three separate experiments. Different letters above the bars indicate significant
differences among the treatments for each condition (p < 0.05).

3.3.3 LFE, CGA, DOPAC and quercetin stimulated the gene expression of phase
2 drug-metabolizing enzymes, including HO-1, NQO1 and GCLC.
We then continued to investigate whether LFE, CGA, DOPAC and quercetin have
the ability to induce the gene expression of the phase 2 drug-metabolizing enzymes,
such as NQO1, GCLC and HO-1. The incubation of HaCaT cells with LFE (Figure 3.3)
for 24 h led to a significant increase in the mRNA levels of HO-1 and GCLC (Figure
3.3 (B) and (C)). Lower concentration of LFE can increase the gene expression of
NQO1, whereas, its higher concentration decreased the gene expression of NQO1
(Figure 3.3 (D)). We also confirmed the effects of CGA, quercetin and DOPAC on the
expression of these representative phase 2 drug-metabolizing enzymes.
As shown in Figure 3.4, CGA increased the gene expression of HO-1 and NQO1
(Figure 3.4 (B) and (D)). Lower concentration of CGA can increase gene expression of
GCLC, whereas, higher concentration had no effect on it (Figure 3.4 (C)).

As Figure

3.5 shown, quercetin dose-dependently enhanced the gene expression of HO-1, NQO1
and GCLC. Although, DOPAC dose-dependently increased the gene expression of HO1 and GCLC (Figure 3.6 (B) and (C)), the similar action with CGA, it had no effect on
the gene expression of NQO1 (Figure 3.6 (D)). These results suggested that LFE,
CGA, DOPAC and quercetin might induce the expression of the drug-metabolizing
enzymes through the transcriptional regulation.
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Fig. 3.3. Modulating effects of Lycii fructus extract (LFE) on the gene expression of
representative phase 2 drug-metabolizing enzymes.

Total RNA was extracted from

HaCaT cells treated with LFE for 24 h, then a RT-PCR analysis for each gene was
carried out. (A) representative blots and quantitative data for (B) heme oxygenase-1
(HO-1), (C) glutamate-cysteine ligase catalytic subunit (GCLC) and (D) NAD(P)H:
quinone oxidoreductase 1 (NQO1). All values are expressed as means ± SD and
analyzed by Student's t-test (*p<0.05, **p<0.01 compared to control).
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Fig. 3.4. Modulating effects of chlorogenic acid (CGA) on the gene expression of
representative phase 2 drug-metabolizing enzymes.

Total RNA was extracted from

HaCaT cells treated with CGA for 24 h, then a RT-PCR analysis for each gene was
carried out. (A) representative blots and quantitative data for (B) heme oxygenase-1
(HO-1), (C) glutamate-cysteine ligase catalytic subunit (GCLC) and (D) NAD(P)H:
quinone oxidoreductase 1 (NQO1). All values are expressed as means ± SD and
analyzed by Student's t-test (*p<0.05, **p<0.01 compared to control).

Fig. 3.5. Modulating effects of quercetin on the gene expression of representative phase
2 drug-metabolizing enzymes.

Total RNA was extracted from HaCaT cells treated

with quercetin for 24 h, then a RT-PCR analysis for each gene was carried out. (A)
representative blots and quantitative data for (B) heme oxygenase-1 (HO-1), (C)
glutamate-cysteine ligase catalytic subunit (GCLC) and (D) NAD(P)H: quinone
oxidoreductase 1 (NQO1). All values are expressed as means ± SD and analyzed by
Student's t-test (*p<0.05, **p<0.01 compared to control).
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Fig. 3.6. Modulating effects of 3,4-dihydroxyphenylacetic acid (DOPAC) on the gene
expression of representative phase 2 drug-metabolizing enzymes.

Total RNA was

extracted from HaCaT cells treated with DOPAC for 24 h, then a RT-PCR analysis for
each gene was carried out. (A) representative blots and quantitative data for (B) heme
oxygenase-1 (HO-1), (C) glutamate-cysteine ligase catalytic subunit (GCLC) and (D)
NAD(P)H: quinone oxidoreductase 1 (NQO1). All values are expressed as means ± SD
and analyzed by Student's t-test (*p<0.05, **p<0.01 compared to control).

3.3.4 LFE, CGA, DOPAC and quercetin induced the nuclear translocation of AhR
and Nrf2.
We next examined the effect of LFE, CGA, DOPAC and quercetin on the nuclear
translocation of AhR and Nrf2.

Western blot analysis showed that the nuclear level

of the AhR (Figure 3.7 (B)) and Nrf2 (Figure 3.7 (C)) protein were significantly
increased by a 24 h LFE treatment in a time-dependent manner. LFE actually enhanced
the nuclear translocation of AhR and Nrf2. These results suggested that LFE activated

34

the Nrf2- and AhR-dependent pathways possibly through the enhancement of the
nuclear translocation of AhR and Nrf2. Not only LFE, but also CGA (Figure 3.8),
quercetin (Figure 3.9) and its catabolite, DOPAC (Figure 3.10) exhibited the similar
action on the nuclear translocation of AhR and Nrf2.

These results suggested that LFE

and its phytochemicals ameliorate UVB-induced cytotoxicity possibly through the
enhanced expression of the phase 2 drug-metabolizing enzyme genes with the nuclear
translocation of Nrf2 and AhR.

Fig. 3.7. Modulating effects of Lycii fructus extract (LFE) on the aryl hydrocarbon
receptor (AhR) and nuclear factor (erythroid-derived 2)-like 2 (Nrf2) level.

Nuclear

fraction was separated from HaCaT cells treated with LFE for 24 h, then a Western blot
analysis for each protein was carried out. (A) representative blots and quantitative data
for (B) AhR and (C) Nrf2. All values are expressed as means ± SD and analyzed by
Student's t-test (* p<0.05, ** p<0.01 compared to control).

Fig. 3.8. Modulating effects of chlorogenic acid (CGA) on the aryl hydrocarbon
receptor (AhR) and nuclear factor (erythroid-derived 2)-like 2 (Nrf2) level.
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Nuclear

fraction was separated from HaCaT cells treated with CGA for 24 h, then a Western
blot analysis for each protein was carried out. (A) representative blots and quantitative
data for (B) AhR and (C) Nrf2. All values are expressed as means ± SD and analyzed
by Student's t-test (* p<0.05, ** p<0.01 compared to control).

Fig. 3.9. Modulating effects of quercetin on the aryl hydrocarbon receptor (AhR) and
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) level.

Nuclear fraction was

separated from HaCaT cells treated with quercetin for 24 h, then a Western blot analysis
for each protein was carried out. (A) representative blots and quantitative data for (B)
AhR and (C) Nrf2. All values are expressed as means ± SD and analyzed by Student's
t-test (* p<0.05, ** p<0.01 compared to control).

Fig. 3.10. Modulating effects of 3,4-dihydroxyphenylacetic acid (DOPAC) on the aryl
hydrocarbon receptor (AhR) and nuclear factor (erythroid-derived 2)-like 2 (Nrf2) level.
Nuclear fraction was separated from HaCaT cells treated with DOPAC for 24 h, then a
Western blot analysis for each protein was carried out. (A) representative blots and
quantitative data for (B) AhR and (C) Nrf2. All values are expressed as means ± SD
and analyzed by Student's t-test (* p<0.05, ** p<0.01 compared to control).
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3.4 Discussion
The present study provided the biological evidence that LFE, CGA, quercetin and
DOPAC exhibited cytoprotection against the cytotoxicity induced by UVB on the skin
tissue.

Human skin aging and skin cancer are influenced by several factors, including

genetics, environmental exposure (UV irradiation, xenobiotics, mechanical stress),
hormonal changes, and metabolic processes (generation of reactive chemical
compounds such as ROS) (Rittié   et al., 2002). The influence of the environment,
especially UV irradiation, is of considerable importance for skin aging and skin
carcinoma.

Photoaging due to UV exposure is superimposed on chronological skin

aging. Although the typical appearance of photoaged and chronologically aged human
skin can be readily distinguished, recent evidence indicates that chronologically aged
and UVB-‐‑irradiated skin share important molecular features including altered signal
transduction pathways that promote MMP expression, decreased procollagen synthesis,
and connective tissue damage (Rittié   et al., 2002). Preliminary experiments showed
that not only LFE and CGA, but also quercetin and DOPAC dose-dependently inhibited
the hydrogen peroxide-induced cytotoxicity (Figure 3.1). They also mitigated
cytotoxicity induced by UVB irradiation (50 mJ/cm2) in HaCaT cells (Figure 3.2).
LFE and the three phenolic compounds stimulated the expression of antioxidant
enzyme genes, including HO-1, NQO1 and GCLC in human keratinocytes (Figure 3.33.6).

Nrf2 binds to antioxidant response element (ARE) and induces a number of

Nrf2-dependent phase 2 drug-metabolizing genes, including NQO1, HO-1, GCLC, etc.
(Nakamura et al., 2010). Ellagic acid protects human keratinocyte cells against UVAinduced oxidative stress and apoptosis through the upregulation of the HO-1 and Nrf2
antioxidant genes (Hseu et al., 2012).

AhR, a ligand-dependent transcription factor

activated by a variety of synthetic and natural molecules, binding to xenobiotic
responsive element (XRE), mainly contributes not only to the inducible expression of
phase 1 enzyme genes including CYP1A1 (Nakamura et al., 2018), but also to the Nrf2mediated gene expression of the phase 2 enzyme genes (Ciolino et al., 1999; Miao et
al., 2005). LFE and its phytochemicals enhanced the nuclear translocation of Nrf2 and
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AhR in a time-dependent manner (Figure 3.7-3.10).

Kim found that garlic scavenges

UVB-induced free radicals and reduces ROS generation in HaCaT keratinocytes, which,
in turn, inhibits MMP-1 expression, pro-inflammatory cytokines productions, and the
activities of senescence related biomarkers. Based on these characteristics, garlic could
have good potential as an anti-aging material (Kim et al., 2016). In addition, our study
suggested that the inducible expression of the antioxidant enzyme genes might be
effective on the protection against UVB-induced oxidative stress.

3.5 Conclusion
LFE and CGA mitigate the cytotoxicity induced by not only hydrogen peroxide,
but also UVB with the transcriptional regulation of Nrf2 and AhR in human
keratinocyte HaCaT cells. The present study represents a potentially efficient strategy
to prevent the oxidative stress- and alcohol-induced cytotoxicity by dietary phenolic
acids.
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CHAPTER 4
Chlorogenic acid as a potential protective agent against
acetaldehyde-induced cytotoxicity in murine hepatoma cells
4.1 Introduction
Ethanol, also called alcohol or drinking alcohol, is mainly metabolized in the liver.
Ethanol metabolism occurs in two steps: Ethanol is metabolized quickly by alcohol
dehydrogenase (ADH) to generate acetaldehyde, then acetaldehyde is metabolized by
the mitochondrial aldehyde dehydrogenase (ALDH) to acetate acid. Acetaldehyde is
very diffusible and crosses biological membranes, can be circulated in the blood. Its
toxicity increases the risk of tissue injury, which leads to steatohepatitis, cirrhosis, liver
failure or hepatocellular carcinoma (Ishii H. et al., 1997; Lee HI et al., 2013; Chen CH.
et al., 2014). Simultaneously, excessive consumption of alcohol promotes oxidative
stress, which enhanced the generation of reactive oxygen species (ROS) or depletion of
the antioxidant defense system, causing an imbalance between pro-oxidants and
antioxidants (Reinke L.A. et al., 1987; Zeng T et al., 2013).
ALDH catalyzes the conversion from toxic acetaldehyde to acetic acid. ALDH1a1
is an effective enzyme in the metabolism of lipid aldehydes (Makia NL. et al., 2012).
ALDH2 expresses at a high level in the liver tissue of humans and play a major role in
the acetaldehyde metabolism (Agarwal DP. et al., 1981). ALDH3a1 belongs to the
phase 2 drug-metabolizing enzymes and assists ALDH2 in the metabolism of
acetaldehyde and ethanol in vivo (Muzio G. et al., 2012; Chen CH. et al., 2015). In
Asian countries, about 40% of the population have the mutation of ALDH2
(ALDH2*2), which causes significant damage to the liver and facial flushing,
vasodilation and tachycardia after alcohol consumption (Xiao et al., 1995; Chen CH. et
al., 2014; Gross et al., 2015). Therefore, the strategy for enhancement of the liver
ALDH activity by food phytochemicals is likely to prevent humans from an alcoholinduced abnormal reaction or liver injury.
Chlorogenic acid (CGA), an ester of caffeic acid and (−)-quinic acid, is a phenolic
antioxidant compound derived from lycii fructus, green coffee beans, apples, pears, etc.
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CGA has been reported to show anti-inflammatory, anti-type II diabetes, anti-bacterial,
anti-carcinogenic, anti-ageing and photo-protective properties (Kono et al., 1997; Feng
et al., 2005; Dos Santos et al., 2006; Kitagawa et al., 2011). CGA also acts as a potent
antioxidant to protect cells from oxidative injury, because it has a catechol group,
scavenging hydroxyl radicals and superoxide anion radicals (Ozyürek et al., 2008).
CGA ameliorates alcohol-induced alcoholic liver disease including steatosis, apoptotic
cell death, and fibrosis through scavenging reactive oxygen species (Kim et al., 2018).
In addition, CGA protects against acetaminophen-induced liver injury not only
involved with CYP450 metabolic enzymes and some antioxidant signals (Pang et al.,
2015) but also by activating ERK/Nrf2 antioxidative pathway in human normal liver
cells (Wei et al., 2018).
Around 65% of ingested CGA is metabolized in the colon and converted into
caffeic acid (CA) and quinic acid (QA) (Pari, L et al., 2007). CA protects H2O2-induced
cell damage in human lung fibroblast cells (Kang et al., 2006) as well as has a beneficial
effect in reducing the adverse effect of alcohol (Pari,L et al., 2007). Dihydrocaffeic acid
(DHCA) is a metabolite of CA with potent antioxidant properties. It is a potential
candidate for photo-protection by interfering with the events initiated after UV
exposure in keratinocytes (Poquet, L et al., 2008). QA, another main metabolite of CGA,
is a normal constituent of our diet, capable of conversion to tryptophan and
nicotinamide via the gastrointestinal (GI) tract microflora (Pero, R. W et al., 2009).
In the present study, we mainly examined the modulating effects of CGA as well
as its catabolites on the acetaldehyde-induced the cytotoxicity as well as the total
ALDH activity in murine hepatoma Hepa1c1c7 cells. At the same time, the underlying
molecular mechanisms and transcriptional factors involved were investigated
suggesting that CGA prevented the acetaldehyde-induced cytotoxicity and enhanced
the total ALDH activity, probably through the enhancement of the ALDH expression
with the nuclear translocation of Nrf2 and AhR.
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4.2 Materials and methods
4.2.1 Reagents and antibodies
Caffeic acid (purity＞98%) and quinic acid (purity＞98%) were purchased from
Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Dihydrocaffeic acid (purity＞98%)
was purchased from Sigma-Aldrich Co. LLC. Lipofectamine® 3000 Transfection Kit,
was purchased from Life Technologies (Carlsbad, CA, USA). Primary antibodies
against ALDH2 (Cat No. sc-100496) and Actin (Cat No. sc-8432) were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against ALDH1A1 (Cat
#12035) was purchased from Cell Signaling Technology (Beverly, MA, USA).
Antibody against ALDH3A1 (Cat No. ab103895) was purchased from Abcam
(Cambridge, MA, USA). Nrf2 and AhR small interfering (siRNA) (Cat No. sc-37049,
Cat No. sc-29655) and control scrambled siRNA (Cat No. sc-37007) were purchased
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Peroxidases AffiniPure Goat
Anti-Rabbit IgG (Cat No. 111-035-003), Goat Anti-Mouse IgG (Cat No. 115-035-003)
and Donkey Anti-Goat IgG (Cat No. 705-035-003) were purchased from Jackson
ImmunoResearch Inc. (West Grove, PA, USA). Bio-Rad Protein Assay was purchased
from Bio-Rad Laboratories (Hercules, CA, USA). ReverTra Ace was purchased from
TOYOBO Co., Ltd. (Osaka, Japan). Taq polymerase was purchased from Takara Bio,
Inc. (Kusatsu, Japan). β-Nicotinamide-adenine dinucleotide, oxidized form (NAD+)
was purchased from Oriental Yeast Co., Ltd. (Tokyo, Japan). All other chemicals were
purchased from Nacalai Tesque, Inc. (Kyoto, Japan).
4.2.2 Cell culture
See Chapter 2

4.2.3 Cell viability determination
Hepa1c1c7 cells were seed at a density of 5 × 103 cells per well in a 96-well plate
and incubated for 24 h. After the pretreatment of LFE, CGA, QA, CA, or DHCA for
24 h, the cells were treated with acetaldehyde (10 mM) for 6 h or ethanol (100 mM) for
24 h. Cell viability was determined by MTT reduction assay. Each well was exposed to
41

10 µl of MTT solution at 37°C for 2 h in a humidified CO2 incubator. The supernatants
were removed, and the formazan crystals in living cells were solubilized in DMSO,
then the absorbance was measured with a microplate spectrophotometer (Benchmark
plus, Bio-Rad laboratories, Hercules, CA, USA) at 570 nm according to the
manufacturer's instructions. The obtained values were expressed as percentages
compared with each of the controls.
4.2.4 Determination of ALDH activity
The total ALDH activity was measured as previously described by Moreb et al.
(2000). In brief, the cell lysates were prepared by 1 ml lysis buffer (50 mM Tris (pH 8),
25 mM EDTA, 5 mM β-mercaptoethanol, 1 mM phenylmethylsulfonyl fluoride
(PMSF), and 0.1% sarcosyl) and centrifugated at 10,000 rpm for 15 min at 4°C. Then
5 mM NAD+ and 5 mM propionaldehyde (substrate) were added to 200 ml of
supernatant to start this assay. NADH was measured by the change in absorbance at
340 nm over 5 min. One unit was defined as the amount of enzyme activity that
catalyzed 1 mM NAD+ to NADH per minute.
4.2.5 Western blot analysis
The whole cell lysates were prepared in lysis buffer (20 mM Tris-HCl (pH 7.5),
150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 2 mM dithiothreitol (DTT), 10 mM NaF,
1 mM Na3VO4, 1 mM PMSF, 0.1% SDS, 1% Triton X-100) containing protease
inhibitor cocktail (PIC) and left on ice for 20 min. After the cell lysates were sonicated
and centrifuged 15,000 rpm for 20 min, the supernatant containing 30 µg of protein
were prepared for SDS-PAGE. Protein concentration was determined by the Bio-Rad
protein assay.

For separation of nuclear fraction, see Chapter 2.

4.2.6 Reverse transcription-polymerase chain reaction (RT-PCR)
Total cellular RNA was isolated using Trizol reagent according to the
manufacturer’s recommendations. RNA was quantified by measuring absorbance at
260 nm with a spectrophotometer (V630 Bio, JASCO Corporation, Tokyo, Japan).
Total RNA (5 µg) was reverse transcribed to cDNA using ReverTra Ace. PCR
amplification was then performed with Taq polymerase and specific primers. Primers
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used

in

PCR

amplification

are

as

follows:

mβ-actin,

(F)

5’-

gCTCTTTTCCAgCCTTCCTT-3’ and (R) 5’-CTTCTgCATCCTgTCAgCAA-3’ (16
cycles, product size 455 bp); mALDH1A1, (F) 5’-gACAggCTTTCCAgATTggCTC-3’
and (R) 5’-AAgACTTTCCCACCATTgAgTgC-3’ (19 cycles, product size 142 bp);
mALDH2, (F) 5’-TgAAgACggTTACTgTTACTgTCAAAgTgC-3’ and (R) 5’AgTgTgTgTggCggTTTTTCTC-3’ (20 cycles, product size 115 bp); mALDH3A1, (F)
5’-gATgCCCATTgTgTgTgTTCg-3’ and (R) 5’-CCACCgCTTgATgTCTCTgC-3’ (25
cycles, product size 138 bp). The PCR products were separated on an agarose gel (3%
or 4%), stained with ethidium bromide, and visualized under UV light (Luminescent
Image Analyzer LAS-3000, FUJIFILM Corporation, Tokyo, Japan). The relative
density analysis of the bands was carried out using the Image J Software Program.
4.2.7 Small interfering RNA transfection
Hepa1c1c7 cells (2.5 × 105) were seeded in a 6-well plate and transfected with
Nrf2 or AhR siRNA (10 µM), or the control scrambled siRNA (10 µM) using
Lipofectamine® 3000 Reagent according to the manufacturer's instruction. After 48 h
of transfection, the cells were treated with DMSO or different concentrations of CGA
for 24 h followed by Western blot, RT-PCR, Cell viability assay and ALDH activity
assay.
4.2.8 Statistical analysis
See Chapter 2
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4.3 Results
4.3.1 CGA and its metabolites impaired the cytotoxicity induced by acetaldehyde
through the enhancement of the ALDH enzymatic activity
Since the CGA is the predominant phenolic acid in the lycii fructus (Zhang Q. et
al., 2016), the effect of lycii fructus extract (LFE) on cytotoxicity induced by
acetaldehyde were prior examined. As shown in Figure 4.1 (A), treatment of
acetaldehyde alone for 6 h significantly decreased the cell viability to 75% compared
to the control. Pre-treatment with LFE for 24 h significantly impaired the acetaldehydeinduced cytotoxicity. CGA also dose-dependently attenuated the cytotoxicity induced
acetaldehyde (Figure 4.1 (B)). Not only acetaldehyde, but also ethanol itself is toxic.
Therefore, we next examined the effect of CGA on the ethanol-induced cytotoxicity.
As shown in Figure 4.1 (C), CGA pre-treatment significantly and dose-dependently
inhibited the ethanol cytotoxicity. Simultaneously, the effect of LFE and CGA on the
total ALDH activity were observed. Both LFE and CGA significantly increased the
total ALDH activity in a dose-dependent manner (Figure 4.1 (D) and (E)). These results
suggested that not only LFE but also CGA has an ability to impair acetaldehydeinduced cytotoxicity through the enhancement of the ALDH enzymatic activity.
The main catabolites of CGA, such as caffeic acid (CA), quinic acid (QA) and
dihydrocaffeic acid (DHCA), were also observed. Pre-treatment with the indicated
concentrations of CA (Figure 4.2 (A)), QA (Figure 4.2 (B)) and DHCA (Figure 4.2 (C))
for 24 h significantly impaired the acetaldehyde-induced cytotoxicity respectively. CA
and CGA have the identical effective on the cytotoxicity induced by acetaldehyde. QA,
another main metabolite of CGA, significantly impaired the acetaldehyde-induced
cytotoxicity at a high concentration (50 µM). As shown in Figure 4.2 (D-E), the effects
of these catabolites on the total ALDH activity were determined. Both CA and its
metabolite DHCA significantly enhanced the ALDH enzymatic activity. Only a high
concentration of QA exhibited a significant increase of the ALDH enzymatic activity.
These results indicated that not only CGA but also its metabolites impaired the
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cytotoxicity induced acetaldehyde through the enhancement of the ALDH enzymatic
activity.

Fig. 4.1. Impairing effects of Lycii fructus extract (LFE) and chlorogenic acid (CGA)
on the cytotoxicity induced acetaldehyde or ethanol through the enhancement of the
total ALDH enzyme activity.

Hepa1c1c7 cells were treated with LFE (A, D) or CGA

(B, C, E) for 24 h, (A-C) treated with acetaldehyde (10 mM) for 6 h or ethanol (100
mM) for 24 h, cell viability was measured using MTT assay. (D, E) the total ALDH
activity was measured using propionaldehyde as a substrate as described by Moreb et
al. (Moreb et al., 2000). All values are expressed as means ± SD and analyzed by a one45

way ANOVA followed by Tukey's HSD using XLSTAT software or Student's t-test
(**p<0.01 compared to control).

Fig. 4.2. Impairing effects of catabolites of chlorogenic acid (CGA) on the cytotoxicity
induced acetaldehyde through the enhancement of the total ALDH enzyme activity.
Hepa1c1c7 cells were treated with (A, D) caffeic acid (CA), (B, E) quinic acid (QA) or
(C, F) dihydrocaffeic acid (DHCA) for 24 h, (A-C) treated with acetaldehyde (10 mM)
for 6 h, cell viability was measured using MTT assay. (D-F) the total ALDH activity
was measured using propionaldehyde as a substrate as described by Moreb et al. (Moreb
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et al., 2000). All values are expressed as means ± SD and analyzed by a one-way
ANOVA followed by Tukey's HSD using XLSTAT software or Student's t-test
(**p<0.01 compared to control).

4.3.2 CGA enhanced the ALDH enzymatic activity through a transcriptional
regulation
We next examined the effect of CGA on the protein expression of representative
ALDH enzymes, such as ALDH1A1, ALDH2 and ALDH3A1 using western blotting.
As shown in Figure 4.3, CGA significantly increased the protein level of each ALDH
enzyme.

Furthermore, the effect of CGA on the gene expression of ALDH1A1,

ALDH2 and ALDH3A1 were determined using RT-PCR. As shown in Figure 4.4, CGA
also significantly and dose-dependently increased the gene expression of each ALDH.
These results suggested that CGA enhances the ALDH enzyme activity possibly
through a transcriptional regulation. Therefore, CGA enhanced the ALDH enzymatic
activity possibly through a transcriptional regulation of ALDH1A1, ALDH2 and
ALDH3A1.

4.3.3 CGA activated the Nrf2- and AhR-dependent pathways
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2), a key cytoprotective nuclear
transcription factor, binds to antioxidant response element (ARE), regulates the
expression of antioxidant proteins and induces Nrf2-dependent phase 2 detoxifying
enzyme genes, such as NAD(P)H: quinone oxidoreductase 1 (NQO1), Heme
oxygenase-1 (HO-1), etc. (Nakamura Y et al., 2010).

Aryl hydrocarbon receptor

(AhR) regulates not only xenobiotic-metabolizing enzyme genes including cytochrome
P450 (Ciolino HP et al., 1999), but also phase 2 detoxifying enzyme genes (Miao W et
al., 2005). Therefore, we examined the effects of CGA on two representative phase 2
detoxifying enzymes, HO-1 and NQO1. As shown in Figure 4.5, the treatment of CGA
for 24 h significantly induced the gene expression of HO-1 (Figure 4.5 (B)) and NQO1
(Figure 4.5 (C)). It indicated that CGA might activate the AhR and Nrf2 pathways.
47

Thus, we next examined the effect of CGA on the nuclear translocation of AhR
and Nrf2. Western blot analysis showed that the nuclear level of the AhR (Figure 4.6
(B)) and Nrf2 (Figure 4.6(C)) protein were significantly increased by a 24 h CGA
treatment in a dose-dependent manner. Whereas CGA had no effect on AhR (Figure
4.6(E)) and Nrf2 (Figure 4.6(F)) protein in the cytoplasm. However, we also determined
that treatment of CGA increased the AhR and Nrf2 level of whole cell lysate (data not
shown). CGA actually not only increase the protein expression of AhR and Nrf2, but
also enhanced the nuclear translocation of AhR and Nrf2. These results suggested that
CGA activated the Nrf2- and AhR-dependent pathways through the enhancement of
the nuclear translocation of AhR and Nrf2.

Fig. 4.3. Modulating effects of chlorogenic acid (CGA) on the protein levels of
representative ALDH enzymes.

Total protein was extracted from Hepa1c1c7 cells

treated with CGA for 24 h, then a Western blot analysis for each protein was carried
out. (A) representative blots and quantitative data for (B) ADLH1A1, (C) ADLH2 and
(D) ADLH3A1. All values are expressed as means ± SD and analyzed by Student's ttest (**p<0.01 compared to control).
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Fig. 4.4. Modulating effects of chlorogenic acid (CGA) on the gene expression of
representative ALDH enzymes.

Total RNA was extracted from Hepa1c1c7 cells

treated with CGA for 24 h, then a RT-PCR analysis for each gene was carried out. (A)
representative blots and quantitative data for (B) ADLH1A1, (C) ADLH2 and (D)
ADLH3A1. All values are expressed as means ± SD and analyzed by Student's t-test
(*p<0.05, **p<0.01 compared to control).
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Fig. 4.5. Modulating effects of chlorogenic acid (CGA) on the gene expression of
representative phase 2 drug-metabolizing enzymes.

Total RNA was extracted from

Hepa1c1c7 cells treated with CGA for 24 h, then a RT-PCR analysis for each gene was
carried out. (A) representative blots and quantitative data for (B) heme oxygenase-1
(HO-1) and (C) NAD(P)H: quinone oxidoreductase 1 (NQO1). All values are expressed
as means ± SD and analyzed by Student's t-test (**p<0.01 compared to control).

4.3.4 Silencing Nrf2 affected the effects of CGA on the acetaldehyde-induced
cytotoxicity and the ALDH activity
To determine whether the Nrf2 pathway is involved in the protective effect of
CGA, we transfected the cells with siRNA targeting Nrf2 or scrambled control. As
shown in Figure 4.7 (A), Nrf2 siRNA transfection significantly depleted the Nrf2 level
to 30% compared to the control. Nrf2 knockdown counteracted the effects of CGA on
the acetaldehyde-induced cytotoxicity (Figure 4.7 (B)) and the ALDH enzymatic
activity (Figure 4.7 (C)).
We next examined the effect of Nrf2 siRNA on the gene expression of
representative ALDH enzymes. Suppression of Nrf2 expression significantly reduced
the ALDH1A1 expression (Figure 4.8 (B)). Although the basal ALDH2 and ALDH3A1
gene expression were not affected by Nrf2 siRNA, the CGA-induced ALDH2 (Figure
4.8 (C)) and ALDH3A1 (Figure 4.8 (D)) gene expression were reduced by 47% and
31% respectively. These results indicated that CGA ameliorated the acetaldehydeinduced cytotoxicity and enhanced the ALDH enzymatic activity through the Nrf2dependent pathway.
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Fig. 4.6. Modulating effects of chlorogenic acid (CGA) on the aryl hydrocarbon
receptor (AhR) and nuclear factor (erythroid-derived 2)-like 2 (Nrf2) level.

Nuclear

fraction as well as cytoplasmic extraction were separated from Hepa1c1c7 cells treated
with CGA for 24 h, then a Western blot analysis for each protein was carried out. (A)
representative blots and quantitative data for (B) AhR and (C) Nrf2 in the nucleus. (D)
representative blots and quantitative data for (E) AhR and (F) Nrf2 in the cytosol. All
values are expressed as means ± SD and analyzed by Student's t-test (* p<0.05, **
p<0.01 compared to control).
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Fig. 4.7. Modulating effects of Nrf2 knockdown on the chlorogenic acid (CGA)mitigated acetaldehyde-induced cytotoxicity and ALDH activity.

Hepa1c1c7 cells

were seeded at 6-well plates and transfected with the Nrf2 siRNA or control scrambled
siRNA. After 48 h of transfection, (A) Western blot analysis for Nrf2 protein level in
the whole cell lysate was carried out. (B) the cells were pre-treated with CGA for 24 h,
then treated with acetaldehyde (10 mM) for 6 h. Cell viability was measured using MTT
assay. (C) the cells were treated with CGA for 24 h followed by total ALDH activity
assay. All values are expressed as means ± SD and analyzed by a one-way ANOVA
followed by Tukey's HSD using XLSTAT software.
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Fig. 4.8. Modulating effects of Nrf2 knockdown on the gene expression of ALDHs.
Hepa1c1c7 cells were seeded at 6-well plates and transfected with the Nrf2 siRNA or
control scrambled siRNA. After 48 h of transfection, the cells were treated with 50 µM
CGA for 24 h followed by RT-PCR. (A) representative blots and quantitative data for
(B) ADLH1A1, (C) ADLH2 and (D) ADLH3A1. All values are expressed as means ±
SD and analyzed by a one-way ANOVA followed by Tukey's HSD using XLSTAT
software.

4.3.5 Silencing AhR affected the effects of CGA on the acetaldehyde-induced
cytotoxicity and the ALDH activity
We continued to determine the AhR pathway, AhR siRNA transfection
significantly deplete the AhR level to 50% compared to the control (Figure 4.9(A)).
AhR silencing also decrease the effects of CGA on the acetaldehyde-induced
cytotoxicity (Figure 4.9(B)) and the ALDH enzymatic activity (Figure 4.9(C)).
The effect of AhR siRNA on the gene expression of representative ALDH
enzymes were examined as well. Although the basal ALDH1A1 and ALDH3A1 gene
expression were not affected by AhR siRNA, the CGA-induced ALDH1A1 (Figure
10(B)) and ALDH3A1 (Figure 10(D)) gene expression were reduced by 30% and 21%
respectively. However, suppression of AhR expression did not significantly reduce the
ALDH2 expression (Figure 10(C)). These results suggested that CGA ameliorated the
acetaldehyde-induced cytotoxicity and enhanced the ALDH enzymatic activity partly
through the AhR-dependent pathway.
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Fig. 4.9. Modulating effects of AhR knockdown on the chlorogenic acid (CGA)mitigated acetaldehyde-induced cytotoxicity and ALDH activity.

Hepa1c1c7 cells

were seeded at 6-well plates and transfected with the AhR siRNA or control scrambled
siRNA. After 48 h of transfection, (A) Western blot analysis for AhR protein level in
the whole cell lysate was carried out. (B) the cells were pre-treated with CGA for 24 h,
then treated with acetaldehyde (10 mM) for 6 h. Cell viability was measured using MTT
assay. (C) the cells were treated with CGA for 24 h followed by total ALDH activity
assay. All values are expressed as means ± SD and analyzed by a one-way ANOVA
followed by Tukey's HSD using XLSTAT software.
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Fig. 4.10. Modulating effects of AhR knockdown on the gene expression of ALDHs.
Hepa1c1c7 cells were seeded at 6-well plates and transfected with the AhR siRNA or
control scrambled siRNA. After 48 h of transfection, the cells were treated with 50 µM
CGA for 24 h followed by RT-PCR. (A) representative blots and quantitative data for
(B) ADLH1A1, (C) ADLH2 and (D) ADLH3A1. All values are expressed as means ±
SD and analyzed by a one-way ANOVA followed by Tukey's HSD using XLSTAT
software.

4.4 Discussion
The present study provided the biological evidence that chlorogenic acid (CGA)
exhibited cytoprotection and detoxication against the cytotoxicity induced by ethanol
and acetaldehyde, which is the most toxic metabolite of ethanol in the liver tissue.
Oxidative stress is also suggested to be involved in the toxic mechanism of
acetaldehyde (Matysiak-Budnik T et al., 1996). During the metabolism of ethanol in
the liver, aldehyde dehydrogenase (ALDH) catalyzes the conversion from toxic
acetaldehyde to acetic acid. In addition, some ALDHs may play a critical role in cellular
homeostasis by maintaining redox balance, a number of ALDH genes are upregulated
as a part of the oxidative stress response (Chen CH et al., 2014). Recently, the
modulation of ALDH activity has been suggested as a promising option for the
prevention or treatment of many diseases (Belmont-Díaz JA et al., 2015). However,
ALDH genes mutation or ALDH polymorphism certainly contributes to the positive
association with abnormal reaction or liver injuries in Asian populations (Xiao et al.,
1995; Moreb et al., 2000).

CGA pre-treatment significantly and dose-dependently

inhibited ethanol as well as acetaldehyde cytotoxicity through the enhancement of the
ALDH enzymatic activity in murine hepatoma Hepa1c1c7 cells (Figure 4.1).
Simultaneously, CGA significantly increased the protein and gene expression of
representative ALDH enzymes, such as ALDH1A1, ALDH2 and ALDH3A1(Figure 4.
3 and 4.4). These results suggested that CGA enhanced the ALDH enzymatic activity
possibly through a transcriptional regulation.
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Our previous results revealed that CGA might be one of the predominant
antioxidants in lycii fructus extract (LFE), whose fresh berry represents an excellent
source of CGA. Thus, our result also showed that LFE exhibited the similar effect on
cytotoxicity induced acetaldehyde through the enhanced ALDH enzymatic activity
(Figure 4.1).

We also observed that rutin is one of the main polyphenol acids in the

fresh berry of Lycii Fructus, it has been reported to attenuate neurotoxicity induced by
ethanol and play a pivotal role as a key activator of ALDH2, resulting in conversion of
the toxic ethanol metabolite acetaldehyde to nontoxic acetic acid (Amagase H et al.,
2011;

Song

et

al.,

2014).

Previously,

we

have

reported

that

3,4-

dihydroxyphenylacetic acid (DOPAC) ameliorates acetaldehyde-induced cytotoxicity
by enhancing aldehyde dehydrogenase activity in murine hepatoma cells (Liu et al.,
2017).

It indicated that CGA and LFE as well as some other phenolic acids are

potential ALDH enhancers, which increase the resistance to the acetaldehyde-induced
cytotoxicity.
From the structure of CGA, it is a caffeic acid (CA) ester linked to quinic acid
(QA) (Gul Z et al., 2016). Most of ingested CGA will be metabolized and converted
into CA and QA in the colon (Pari. L et al., 2007). As a member of phenolic acids, CA
is also well known for its antioxidant capacity as well as its catabolite dihydrocaffeic
acid (DHCA).

As we shown in Figure 4.2, both CA and DHCA have the equally

effective to impair the acetaldehyde toxic as well as enhance the ALDH activity. We
also observed QA, which contains a sugar moiety in the structure, is a normal
constituent of our diet, capable of conversion to tryptophan and nicotinamide via the
gastrointestinal (GI) tract microflora, and that this in turn leads to DNA repair
enhancement and NF-kB inhibition via increased nicotinamide and tryptophan
production. (Pero, R. W et al., 2009). Nevertheless, only a high concentration of QA
exhibited a significant increase of cell viability and ALDH activity in murine hepatoma
cells (Figure 4.2). The scavenging DPPH radical assay result have been indicated that
QA exhibits a weak antioxidant activity against glutamate-induced excitotoxicity and
oxidative stress in rat cortical neurons (Olfa Rebai et al., 2017). Sometimes, natural
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compounds preformed biologically-active depend on their concentrations or
environmental oxidative status (Gul Z et al., 2016).
Nrf2 and AhR play pivotal roles in the transcriptional regulation of the phase 2
detoxifying enzyme gene expressions (Nakamura Y et al., 2010). Both
chitooligosaccharides and tetramethylpyrazine can protect against ethanol-induced
hepatocyte injury through activation of Nrf2 (Luo et al., 2014; Lu et al., 2015).
Cigarette smoke extract-induced ALDH enzymatic activity was probably primarily
dependent on AhR-mediated ALDH3A1 induction in airway epithelial cells (Jang J H
et al., 2014). CGA against H2O2-induced oxidative damage by enhancing Nrf2 nuclear
translocation and upregulating HO-1 induction in osteoblast precursor cells (Han et al.,
2017).

In the present study, we confirmed that CGA significantly enhanced the gene

expression of HO-1 and NQO1 (Figure 4.5). HO-1, an antioxidant enzyme that can
catalyze the breakdown of heme into small direct antioxidant molecules, such as
biliverdin and bilirubin; NQO1, one of the Nrf2 target genes, catalyzes the reduction
and detoxification of highly reactive quinones, which caused by oxidative stress.
(Nakamura Y et al., 2010). Moreover, not only the total protein expression of Nrf2 and
AhR, but also the nuclear Nrf2 and AhR protein level were increased by CGA treatment
in a dose-dependent manner (Figure 4.6). CGA actually activated the Nrf2- and AhRdependent pathways through the enhancement of the nuclear translocation of Nrf2 and
AhR.

Furthermore, loss of Nrf2 or AhR by siRNA transfection markedly

counteracted the effects of CGA on the acetaldehyde-induced cytotoxicity and ALDH
enzymatic activity (Figure 4.7 and 4.9). Pretreatment of the Nrf2 siRNA decreased the
CGA-induced expressions of not only ALDH1A1 but also ALDH2 and ALDH3A1
compared with the scrambled control (Figure 4.8). Whereas, knockdown the AhR
expression by siRNA did not markedly decrease the CGA-induced the expression of
ALDH2, the CGA-induced ALDH1A1 and ALDH3A1 gene expression were reduced
by 30% and 21% respectively (Figure 4.10). These results suggested that CGA
ameliorated the acetaldehyde-induced cytotoxicity and enhanced the ALDH enzymatic
activity possibly through the enhancement of the ALDHs expression with activation of
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the Nrf2-dependent pathway as well as partly through the AhR-dependent pathway.
AhR plays an important role in the expression of ALDH1A1 and ALDH3A1. Cigarette
smoke extract robustly upregulates ALDH enzymatic activity in airway epithelial cells
dependent on AhR-mediated ALDH3A1 expression (Jang J H et al., 2014). AhR downregulation decrease expression of AhR and ALDH1A1 in xenografted mouse tumors
(Stanford et al., 2016).

4.5 Conclusion
The present study demonstrated that CGA shows the cytoprotection against
acetaldehyde with the enhanced ALDH enzymatic activity and the transcriptional
regulation of ALDHs dependent on the Nrf2 and AhR pathways. This study represents
a potentially efficient strategy to prevent the alcohol-induced cytotoxicity by dietary
phenolic acids.

58

CONCLUSION
In this study, I mainly focused on the induction of phase 2 drug-metabolizing
enzymes and aldehyde dehydrogenase by LFE and its major constituent, CGA to
prevent the reactive oxygen species- and alcohol-induced oxidative stress through an
indirect antioxidant action in murine hepatoma Hepa1c1c7 cells and human
keratinocyte HaCaT cells.
In the chapter 2, the role of the indirect antioxidative action in the cytoprotective
effect of LFE and CGA in murine hepatoma Hepa1c1c7 cells were investigated. The
results are summarized as followed.
(1)   LFE inhibited the H2O2-induced cytotoxicity after a 24-h incubation.
(2)   LFE induced the gene expression of several drug-metabolizing enzymes.
(3)   LFE enhanced the cellular GSH level.
(4)   LFE enhanced the nuclear translocation of AhR and Nrf2.
(5)   CGA ameliorated H2O2-induced cytotoxicity and enhanced the gene
expression of phase 2 enzymes.
(6)   CGA enhanced the nuclear translocation of AhR and Nrf2.
These results provided biological evidence that LFE and CGA induce
cytoprotective responses against oxidative stress through the inducible expression of
the antioxidant enzyme genes.
In the Chapter 3, the effects of LFE, CGA, DOPAC and quercetin against UVBinduced cytotoxicity in human keratinocyte HaCaT cells were examined. The results
are summarized as followed.
(1)   LFE, CGA, quercetin and 3,4-dihydroxyphenylacetic acid (DOPAC) dosedependently inhibited the H2O2-induced cytotoxicity.
(2)   LFE, CGA, DOPAC and lower concentration of quercetin significantly
inhibited the UVB-induced cytotoxicity.
(3)   LFE, CGA, DOPAC and quercetin stimulated the gene expression of phase 2
drug-metabolizing enzymes, including HO-1, NQO1 and GCLC.
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(4)   LFE, CGA, DOPAC and quercetin induced the nuclear translocation of AhR
and Nrf2.
These results suggested that the inducible expression of the antioxidant enzyme
genes might be effective on the protection against UVB-induced oxidative stress.
In the Chapter 4, the modulating effects of LFE as well as CGA and its catabolites
on the acetaldehyde-induced cytotoxicity in Hepa1c1c7 cells were examined. The
results are summarized as followed.
(1)   CGA significantly ameliorated the acetaldehyde- and ethanol-induced
cytotoxicity.
(2)   LFE and the catabolites of CGA significantly ameliorated the
acetaldehyde- cytotoxicity.
(3)   LFE and CGA dose-dependently enhanced the total ALDH activity.
(4)   CA, DHCA and high concertation of QA significantly enhanced the total
ALDH activity.
(5)   CGA increased the protein and gene expression of ALDH family.
(6)   CGA dose-dependently enhanced the nuclear translocation of Nrf2 and
AhR.
(7)   Silencing Nrf2 counteracted the protective effect of CGA on acetaldehydeinduced cytotoxicity and ALDH activity.
(8)   Nrf2-knockdown counteracted the modulating effect of CGA on gene
expression of ALDHs
(9)   Silencing AhR counteracted the protective effect of CGA on acetaldehydeinduced cytotoxicity and ALDH activity.
(10)  AhR-knockdown counteracted the modulating effect of CGA on gene
expression of ALDH1A1 and ALDH3A1.
These results strongly suggested that CGA ameliorates the acetaldehyde-induced
cytotoxicity, possibly through the enhancement of the ALDH expression with
activation of the Nrf2-dependent and AhR-dependent pathways.
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Taken together, these series of present studies represent a potentially efficient
strategy to prevent the oxidative stress- and alcohol-induced cytotoxicity by dietary
phenolic acids.

61

ACKNOWLEDGMENTS
The author expresses her really deep gratitude and wishes to thank Professor
NAKAMURA YOSHIMASA, Division of Agriculture and Life Science, Graduate
School of Environmental and Life Science, Okayama University, Japan, for his
guidance, continuous encouragement and constructive suggestion of her study.
I also thank to Professor MURATA YOSHIYUKI for his supported,
encouragement and advice given at all stages of this study, and I also need to thank to
Professor KIMURA YOSHINOBU for his advice and support in my study.

It is my

immense pleasure to acknowledge Dr. MUNEMASA SHINTARO, Dr. NAKAMURA
TOSHIYUKI and Dr. LIU YUJIA for their help and valuable advice during the research.
It is a pleasure to express my thanks to Saiki Shunya, Myojin Takumi for their
collaboration with this study and Yang Qifu, Liang Ying for their kind help and
encouragement.

I thank all members of the Laboratory of Food Biochemistry who

have so kindly helped and encouraged me during my study.
I am also grateful to the supervisor of my Master Course, Professor ZHU BEIWEI,
she gave me this precious and valuable opportunity to come to Japan and continue my
study.
The scholarship from China Scholarship Council financially supported me during
entire doctoral period.
Finally, I wish to express my sincere thanks to my family for their patient and
spiritual support.

WENSI XU
September, 2018

62

REFERENCES
Agarwal, D. P., Harada, S., Goedde, H. W. (1981) Racial differences in biological sensitivity
to ethanol: the role of alcohol dehydrogenase and aldehyde dehydrogenase isozymes.
Alcohol Clin Exp Res., 5, 12-16.
Amagase, H., Farnsworth, N. R. (2011) A review of botanical characteristics, phytochemistry,
clinical relevance in efficacy and safety of Lycium barbarum fruit (Goji). Food Res
Int., 44, 1702-1717.
Ashida, H., Nishiumi, S., Fukuda, I. (2008) An update on the dietary ligands of the
AhR. Expert Opin Drug Metab Toxicol., 4, 1429-1447.
Baker, M. A., Cerniglia, G. J., Zaman, A. (1990) Microtiter plate assay for the measurement
of glutathione and glutathione disulfide in large numbers of biological samples. ANAL
BIOCHEM., 190, 360-365.
Belmont-‐‑Díaz, J. A., Calleja-‐‑Castañeda, L. F., Yoval-‐‑Sánchez, B., Rodríguez-‐‑Zavala, J. S.
(2015) Tamoxifen, an anticancer drug, is an activator of human aldehyde
dehydrogenase 1 A 1. Proteins: Struct., Funct., Bioinf., 83, 105-116.
Betteridge, D. J. (2000) What is oxidative stress. Metabolism, 49, 3-8.
Birben, E., Sahiner, U. M., Sackesen, C., Erzurum, S., Kalayci, O. (2012) Oxidative stress
and antioxidant defense. World Allergy Organ J., 5, 9.
Chen, C. H., Cruz, L. A., Mochly-Rosen, D. (2015) Pharmacological recruitment of aldehyde
dehydrogenase 3A1 (ALDH3A1) to assist ALDH2 in acetaldehyde and ethanol
metabolism in vivo. Proc Natl Acad Sci., 112, 3074-3079.
Chen, C. H., Ferreira, J. C. B., Gross, E. R., Mochly-Rosen, D. (2014) Targeting aldehyde
dehydrogenase 2: new therapeutic opportunities. Physiol Rev., 94, 1-34.
Ciolino, H. P., DASCHNER, P. J., YEH, G. C. (1999) Dietary flavonols quercetin and
kaempferol are ligands of the aryl hydrocarbon receptor that affect CYP1A1
transcription differentially. Biochem J., 340, 715-722.

63

Clifford, M. N., Jaganath, I. B., Ludwig, I. A., Crozier, A. (2017) Chlorogenic acids and the
acyl-quinic acids: discovery, biosynthesis, bioavailability and bioactivity. Nat Prod
Rep., 34, 1391-1421.
Dos Santos, M. D., Almeida, M. C., Lopes, N. P., De Souza, G. E. P. (2006) Evaluation of
the anti-inflammatory, analgesic and antipyretic activities of the natural polyphenol
chlorogenic acid. Biol Pharm Bull., 29, 2236-2240.
Feng, R., Lu, Y., Bowman, L. L., Qian, Y., Castranova, V., Ding, M. (2005) Inhibition of
activator protein-1, NF-κB, and MAPKs and induction of phase 2 detoxifying enzyme
activity by chlorogenic acid. J Biol Chem., 280, 27888-27895.
Gavrilova, V., Kajdzanoska, M., Gjamovski, V., Stefova, M. (2011) Separation,
Characterization and Quantification of Phenolic Compounds in Blueberries and Red
and Black Currants by HPLC− DAD− ESI-MS n. J Agric Food Chem., 59, 4009-4018.
Gross, E. R., Zambelli, V. O., Small, B. A., Ferreira, J. C., Chen, C. H., Mochly-Rosen, D.
(2015) A personalized medicine approach for Asian Americans with the aldehyde
dehydrogenase 2* 2 variant. Annu Rev Pharmacol Toxicol., 55, 107-127.
Gul, Z., Demircan, C., Bagdas, D., Buyukuysal, R. L. (2016) Protective effects of chlorogenic
acid and its metabolites on hydrogen peroxide-induced alterations in rat brain slices: a
comparative study with resveratrol. Neurochem Res., 41, 2075-2085.
Han, D., Chen, W., Gu, X., Shan, R., Zou, J., Liu, G., Han, B. (2017) Cytoprotective effect
of chlorogenic acid against hydrogen peroxide-induced oxidative stress in MC3T3-E1
cells through PI3K/Akt-mediated Nrf2/HO-1 signaling pathway. Oncotarget, 8, 14680.
Hashimoto, K., Kawamata, S., Usui, N., Tanaka, A., Uda, Y. (2002) In vitro induction of the
anticarcinogenic marker enzyme, quinone reductase, in human hepatoma cells by food
extracts. Cancer Lett., 180, 1-5.
Heneman, K., Zidenberg-Cherr, S. (2008) Nutrition and health info sheet: Phytochemicals.
Ishii, H., Kurose, I., Kato, S. (1997) Pathogenesis of alcoholic liver disease with particular
emphasis on oxidative stress. J Gastroenterol Hepatol., 12, S272-S282.

64

Jang, J. H., Bruse, S., Liu, Y., Duffy, V., Zhang, C., Oyamada, N., Vasiliou, V. (2014)
Aldehyde dehydrogenase 3A1 protects airway epithelial cells from cigarette smokeinduced DNA damage and cytotoxicity. Free Radic Biol Med., 68, 80-86.
Kang, K. A., Lee, K. H., Zhang, R., Piao, M., Chae, S., Kim, K. N., Hyun, J. W. (2006)
Caffeic acid protects hydrogen peroxide induced cell damage in WI-38 human lung
fibroblast cells. Biol Pharm Bull., 29, 1820-1824.
Kim, H. K. (2016) Protective effect of garlic on cellular senescence in UVB-exposed HaCaT
human keratinocytes. Nutrients, 8, 464.
Kim, J., Lee, Y. M., Jung, W., Park, S. B., Kim, C. S., Kim, J. S. (2018) Aster koraiensis
Extract and Chlorogenic Acid Inhibit Retinal Angiogenesis in a Mouse Model of
Oxygen-Induced Retinopathy. Evid Based Complement Alternat Med., 2018.
Kitagawa, S., Yoshii, K., Morita, S. Y., Teraoka, R. (2011) Efficient topical delivery of
chlorogenic acid by an oil-in-water microemulsion to protect skin against UV-induced
damage. Chem Pharm Bull., 59, 793-796.
Kono, Y., Kobayashi, K., Tagawa, S., Adachi, K., Ueda, A., Sawa, Y., Shibata, H. (1997.
Antioxidant activity of polyphenolics in diets: rate constants of reactions of chlorogenic
acid and caffeic acid with reactive species of oxygen and nitrogen. Biochim Biophys
Acta Gen Subj., 1335, 335-342.
Le, K., Chiu, F., Ng, K. (2007) Identification and quantification of antioxidants in Fructus
lycii. Food Chem., 105, 353-363.
Lee, H. I., McGregor, R. A., Choi, M. S., Seo, K. I., Jung, U. J., Yeo, J., Lee, M. K. (2013)
Low doses of curcumin protect alcohol-induced liver damage by modulation of the
alcohol metabolic pathway, CYP2E1 and AMPK. Life Sci., 93, 693-699.
Liu, Y., Kurita, A., Nakashima, S., Zhu, B., Munemasa, S., Nakamura, T., Nakamura, Y.
(2017) 3, 4-Dihydroxyphenylacetic acid is a potential aldehyde dehydrogenase inducer
in murine hepatoma Hepa1c1c7 cells. Biosci Biotechnol., 81, 1978-1983.
Lu, C., Jiang, Y., Zhang, F., Shao, J., Wu, L., Wu, X., Lu, Y. (2015) Tetramethylpyrazine
prevents ethanol-induced hepatocyte injury via activation of nuclear factor erythroid 2related factor 2. Life Sci., 141, 119-127.
65

Luo, Z., Dong, X., Ke, Q., Duan, Q., Shen, L. (2014) Chitooligosaccharides inhibit ethanolinduced oxidative stress via activation of Nrf2 and reduction of MAPK phosphorylation.
Oncol Rep., 32, 2215-2222.
Makia, N. L., Amunom, I., Falkner, K. C., Conklin, D. J., Surapureddi, S., Goldstein, J. A.,
Prough, R. A. (2012) AP-1 Regulation of Murine Aldehyde Dehydrogenase 1a1. Mol
Pharmacol., mol-112.
MATYSIAK-‐‑BUDNIK, T. A. M. A. R. A., Jokelainen, K., Kärkkäinen, P., Mäkisalo, H.,
Ohisalo, J., Salaspuro, M. (1996) Hepatotoxicity and absorption of extrahepatic
acetaldehyde in rats. J. Pathol., 178, 469-474.
Miao, W., Hu, L., Scrivens, P. J., Batist, G. (2005) Transcriptional Regulation of NF-E2 p45related Factor (NRF2) Expression by the Aryl Hydrocarbon Receptor-Xenobiotic
Response Element Signaling Pathway DIRECT CROSS-TALK BETWEEN PHASE I
AND II DRUG-METABOLIZING ENZYMES. J. Biol. Chem., 280, 20340-20348.
Moreb, J. S., Maccow, C., Schweder, M., Hecomovich, J. (2000) Expression of antisense
RNA

to

aldehyde

dehydrogenase

class-1

sensitizes

tumor

cells

to

4-

hydroperoxycyclophosphamide in vitro. J. Pharmacol. Exp. Ther., 293, 390-396.
Mullen, W., Edwards, C. A., Serafini, M., Crozier, A. (2008) Bioavailability of pelargonidin3-O-glucoside and its metabolites in humans following the ingestion of strawberries
with and without cream. J. Agric. Food Chem., 56, 713-719.
Murota, K., Nakamura, Y., Uehara, M. (2018) Flavonoid metabolism: the interaction of
metabolites and gut microbiota. Biosci. Biotechnol. Biochem., 82, 600-610.
Muzio, G., Maggiora, M., Paiuzzi, E., Oraldi, M., Canuto, R. A. (2012) Aldehyde
dehydrogenases and cell proliferation. Free Radic. Biol. Med., 52, 735-746.
Nakamura, T., Abe-Kanoh, N., Nakamura, Y. (2018) Physiological relevance of covalent
protein modification by dietary isothiocyanates. J Clin Biochem Nutr., 62, 11-19.
Nakamura, Y., Miyoshi, N. (2010) Electrophiles in foods: the current status of
isothiocyanates and their chemical biology. Biosci. Biotechnol. Biochem., 74, 242-255.

66

Nakashima, S., Liu, Z., Yamaguchi, Y., Saiki, S., Munemasa, S., Nakamura, T., Nakamura,
Y. (2016) A novel tag-free probe for targeting molecules interacting with a flavonoid
catabolite. Biochem Biophys Rep., 7, 240-245.
Özyürek, M., Bektaşoğlu, B., Güçlü, K., Apak, R. (2008) Hydroxyl radical scavenging assay
of phenolics and flavonoids with a modified cupric reducing antioxidant capacity
(CUPRAC) method using catalase for hydrogen peroxide degradation. Anal. Chim.
Acta., 616, 196-206.
Pang, C., Sheng, Y. C., Jiang, P., Wei, H., Ji, L. L. (2015) Chlorogenic acid prevents
acetaminophen-induced liver injury: the involvement of CYP450 metabolic enzymes
and some antioxidant signals. J Zhejiang Univ Sci B., 16, 602-610.
Pari, L., Karthikesan, K. (2007) Protective role of caffeic acid against alcohol-‐‑induced
biochemical changes in rats. Fundam Clin Pharmacol., 21, 355-361.
Pero, R. W., Lund, H., Leanderson, T. (2009) Antioxidant metabolism induced by quinic acid.
Increased urinary excretion of tryptophan and nicotinamide. Phytother Res., 23, 335346.
Pillai, S., Oresajo, C., Hayward, J. (2005) Ultraviolet radiation and skin aging: roles of
reactive oxygen species, inflammation and protease activation, and strategies for
prevention of inflammation-‐‑induced matrix degradation–a review. Int J Cosmet Sci., 27,
17-34.
Podhaisky, H. P., Riemschneider, S., Wohlrab, W. (2002) UV light and oxidative damage of
the skin. Die Pharmazie, 57, 30.
Poquet, L., Clifford, M. N., Williamson, G. (2008) Effect of dihydrocaffeic acid on UV
irradiation of human keratinocyte HaCaT cells. Arch. Biochem. Biophys., 476, 196-204.
Potterat, O. (2010) Goji (Lycium barbarum and L. chinense): phytochemistry, pharmacology
and safety in the perspective of traditional uses and recent popularity. Planta Med., 76,
7-19.
Rebai, O., Belkhir, M., Sanchez-Gomez, M. V., Matute, C., Fattouch, S., Amri, M. (2017)
Differential molecular targets for neuroprotective effect of chlorogenic acid and its

67

related compounds against glutamate induced excitotoxicity and oxidative stress in rat
cortical neurons. Neurochem. Res., 42, 3559-3572.
Reeve, V. E., Allanson, M., Arun, S. J., Domanski, D., Painter, N. (2010) Mice drinking goji
berry juice (Lycium barbarum) are protected from UV radiation-induced skin damage
via antioxidant pathways. Photochem. Photobiol. Sci., 9, 601-607.
Reinke, L. A., Lai, E. K., DuBose, C. M., McCay, P. B. (1987) Reactive free radical
generation in vivo in heart and liver of ethanol-fed rats: correlation with radical
formation in vitro. Proc. Natl. Acad. Sci., 84, 9223-9227.
Rittié, L., Fisher, G. J. (2002) UV-light-induced signal cascades and skin aging. Ageing Res.
Rev., 1, 705-720.
Satsu, H., Yoshida, K., Mikubo, A., Ogiwara, H., Inakuma, T., Shimizu, M. (2015)
Establishment of a stable aryl hydrocarbon receptor-responsive HepG2 cell
line. Cytotechnology, 67, 621-632.
Scalbert, A., Andres-Lacueva, C., Arita, M., Kroon, P., Manach, C., Urpi-Sarda, M., Wishart,
D. (2011) Databases on food phytochemicals and their health-promoting effects. J
Agric Food Chem., 59, 4331-4348.
Song, K., Kim, S., Na, J. Y., Park, J. H., Kim, J. K., Kim, J. H., Kwon, J. (2014) Rutin
attenuates ethanol-induced neurotoxicity in hippocampal neuronal cells by increasing
aldehyde dehydrogenase 2. Food Chem Toxicol., 72, 228-233.
Stanford, Elizabeth A. (2016) The role of the aryl hydrocarbon receptor in the development
of cells with the molecular and functional characteristics of cancer stem-like cells.
BMC biology, 20.
Surh, Y. J., Kundu, J. K., Na, H. K. (2008) Nrf2 as a master redox switch in turning on the
cellular signaling involved in the induction of cytoprotective genes by some
chemopreventive phytochemicals. Planta Med., 74, 1526-1539.
Tang, Y., Nakashima, S., Saiki, S., Myoi, Y., Abe, N., Kuwazuru, S., Nakamura, Y. (2016).
3, 4-Dihydroxyphenylacetic acid is a predominant biologically-active catabolite of
quercetin glycosides. Food Res Int., 89, 716-723.

68

Wei, M., Zheng, Z., Shi, L., Jin, Y., Ji, L. (2017) Natural polyphenol chlorogenic acid protects
against acetaminophen-induced hepatotoxicity by activating ERK/Nrf2 antioxidative
pathway. Toxicol Sci., 162, 99-112.
Xiao, Q., Weiner, H., Johnston, T., Crabb, D. W. (1995) The aldehyde dehydrogenase
ALDH2* 2 allele exhibits dominance over ALDH2* 1 in transduced HeLa cells. J Clin
Invest., 96, 2180-2186.
Zeng, T., Zhang, C. L., Song, F. Y., Zhao, X. L., Yu, L. H., Zhu, Z. P., Xie, K. Q. (2013) The
activation of HO-1/Nrf-2 contributes to the protective effects of diallyl disulfide
(DADS) against ethanol-induced oxidative stress. Biochim Biophys Acta Gen
Subj., 1830, 4848-4859.
Zhang, Q., Chen, W., Zhao, J., Xi, W. (2016) Functional constituents and antioxidant
activities of eight Chinese native goji genotypes. FOOD CHEM., 200, 230-236.
Zhang, R., Kang, K. A., Piao, M. J., Kim, K. C., Kim, A. D., Chae, S., Hyun, J. W. (2010).
Cytoprotective effect of the fruits of Lycium chinense Miller against oxidative stressinduced hepatotoxicity. J Ethnopharmacol., 130, 299-306.
Zhang, X. F., Chen, J., Yang, J. L., Shi, Y. P. (2018) UPLC-MS/MS analysis for antioxidant
components of Lycii Fructus based on spectrum-effect relationship. Talanta, 180, 389395.

69

