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CHAPTER |
INTRODUCTION

Problem Statement

Metals play important biological roles. They are widely used and found in our
environment. Dysfunctions of organs are known to be their toxicity.

Cadmium is a widely, but sparsely, distributed element found in the earth’s crust
at concentrations ranging from 0.1 to 1 ppm; primarilyin association with zinc areas. As
a by-product of zinc processing; cadmi:m produetion has closely followed the demand
for zinc. The use of cadmium compounﬂds falls into five categories: active electrode
materials in nickel-cadmiums batteries (|7.0% of total eadmium use); pigments used
mainly in plastics, ceramics, and gIaésesKjé%); stabilizers for polyvinyl chloride (PVC)
against heat and light (17%); enginéering &oéfings on steel and some nonferrous metals
(8%); and components of various specializé;i_.iakbys (2%) [1]. It is a toxic metal occurring
in the environment naturally and as'é-pollutéfrﬁsc'__err]anating from industrial and agricultural

z 5 -'J.." ) . . .
sources. The diet is the main soufee of cadmium intake in the non-smoking population.

Cadmium is present-in virtualli/— all foods, but -’fﬁé_éoncentrations vary to a great extent,

depending on typ'ef'ﬁf food and level of environ"mg'ntal contamination. High
concentrations of cadmi'um are present in oysters and crabs. High levels are also found
in offal products such e;s liver and kidney, especially frorﬁ older animals. Plants contain
higher concentrations of| cadmium;-than imeat, egg; milk fand_fish. Among food from
plants, cereals such as rice, green leafy vegetables, and root vegetables contain higher
concentration than=ather [foodfrom | plants. Cadmium’ expasure fin Asia is commonly
much higher than in Europe and in USA, because of the fast evolution of polluting
industries and high intake of rice locally grown on contaminated soil [2].

Adult population living in cadmium-contaminated areas in Mae Sot District, Tak
Province, Thailand. The overall prevalence rates of hypertension, diabetes, and urinary
stones are 33.3%, 6.2%, and 8.9% respectively. The prevalence rates of hypertension,
diabetes, and urinary stones do not significantly increase with increasing urinary

cadmium levels. Hypertension, diabetes, and urinary stones are also significant



predictors of impaired renal function [3]. The residents living in these contaminated
areas consume rice grown locally. They were at risk of chronic cadmium toxicity [4].
Furthermore, cadmium contamination about 80% of Indian medicinal plants exceeded
the maximum permissible level designated by the World Health Organization [5]. A safe
intake limit of 7 uM cadmium/week/ kg body weight (PTWI) was set, based on the critical
renal cadmium concentration of between 100 and 200 pg/g wet weight that corresponds
to a urinary threshold limit of 5-10 pg/g creaiinine. However, numerous studies have
revealed adverse kidney effects at uringry cadmium levels below 0.5 pg/g creatinine
(1, 6].

Cadmium dispaesition selaies fo chronic effects. Cadmium is initially distributed to
the liver, where it can.pind o glutathionel and/or induce the synthesis of the cadmium-
binding protein metallothiongin swhich are_both thought to serve as intracellular lines of
defense against cadmium toxicity. Under tHese conditions, the liver is usually not injured
[7]. Metallothionein plays an impoftaht role i'h‘-'cadmium tolerance and cadmium-induced

F

hepatotoxicity. Metallothionein bmds Cadmlum in the hepatic cytosol and renders it
sLhd

"inert." Therefore, metalloth|one|n IS beneﬁcsa‘Fﬁ) the liver [8]. In contrast, with the acute,

-

higher levels of expasure that are often used in animal studies, the liver rapidly

accumulates high Iev_éls of cadmium that overcomes theég defense mechanisms and
the liver becomes one éf the primary sites of injury [7]. /ntrvivo studies demonstrate that
cadmium-induced cytotoxicity in mouse andarat livers is intimately related to apoptosis,
and in vitro studies have lals@ demaonstratedsthat cadmium/induces DNA fragmentation,
a characteristic feature of apoptosis,din HepG2 cells.[9]. It is the masttoxic nonessential
heavy metali\lt has.an ‘adyerse.effect on humerous vital processes in cells. It influences
body growth and development, physiology, biochemical compositions, morphology, and
cytology. It is well known that cadmium binds to and activates calmodulin which plays
an important role in the calcium-dependent regulatory pathways of many cellular
processes [10].

Cadmium content in kidney cortex of protein-calorie malnutrition group is higher

than normal nutrition group. This indicated cadmium is not bound to metallothionein in



significant degree in malnutrition group [11]. In 2002, Thai Ministry of Public Health
reported that preschool children in the North region are more likely to be malnutrition
than in others. In particular, preschool children who reside in the North region have been
found about 8 times to have malnutrition than those in Bangkok Metropolitan Areas [12].
Furthermore, glucose-6-phosphate dehydrogenase (G-6-PD) deficiency is the most
common human enzyme defect, being ipresent in more than 400 million people
worldwide. The highest prevalence of glucoses6-phosphate dehydrogenase deficiency
is reported in Southeast Asia; especiallL Thailana+has prevalence about 12% [13]. All
previous reports shown.that'preschool children in“Neorth region of Thailand maybe at
greater risk population.e adverse eftects '|Of cadmium.

The non-gencteXic meghanisms igg_regulating intracellular signaling pathways
leading to increased mitogenesis as ma;?or mechanisms. for the interpretation of the
carcinogenic activity bygchronic éadmiu;h éxposure Low concentrations, 1 puM, of
cadmium stimulates DNA syntheS|s and Cell prollferatlon in various cell lines, whereas
more elevated Concentranons are: mh|b|tory Cadmium enhances the expression of

42k
several classes of genes at concentratlons of a few micromoles. It stimulates the

expression of immediate early genes (c-fos, c-/un, and e-niyc), of the tumor suppressor

gene pb53, and of ge;h; coding for the és}hthésis of pl;éte-ctive molecules, including
metallothioneins, glutathrione, and stress (heat shock) protéins [14].

Modulation of gefesactivity by cadmium are thought to be by interfering with
cellular signaling at.the levels of|cell surface receptors, cellular calcium homeostasis,
protein phosphorylation, and modification of transcription factors [14]. Furthermore, the
proteinflevel of glucose-6-phosphate dehydrogenase (G-6-PD) is inéreased by cadmium
acetate (5 mg/kg) in male rat [15]. The activity of glucose-6-phosphate dehydrogenase
(G-6-PD) and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) enzymes are
significantly decreased by cadmium [16]. Glucose-6-phosphate dehydrogenase (G-6-
PD) is essential in all cells. As the first and rate-determining step of the pentose
phosphate pathway, its most important function is the production of NADPH for

protection against oxidative agents in all cells and in the liver and adipose tissues for the



synthesis of fatty acids. Deficiency of G-6-PD causes hemolytic anemia in response to
consumption of fava beans, viral illnesses, and drugs such as antimalarial agents,
sulfonamides, nonsteroidal anti-inflammatory agents, and even aspirin [17]. The G-6-PD
gene is located at the telomeric region of the long arm of the X chromosome (band
Xq28). The gene consists of 13 exons and 12 introns, spanning nearly 20 kb in total; it
encodes 515 amino acids, and a GC-rich (more than 70%) promoter region. G-6-PD
deficiency is an X-linked, hereditary genetic/defect caused by mutations in the G-6-PD
gene, resulting in protein wvariants Witklr different=levels of enzyme activity, that are
associated with a wide.range of biochemical and-glinical phenotypes. About 140
mutations have been described, most are single base changes, leading to amino acid
substitutions [13]. Thefhumean /G=6-PD éene maps to Xg28 and is arranged head to
head with the NFkappaB essential modulaior (NEMO) gene [18]. NEMO, the regulatory
subunit of the lkappaB#kinase (IKK) cdmplex that controls the activation of the
transcription factor NF-kappaB, is requwed for IKK function in most situations [19]. NF-
kappaB is maintained in the cytesol bouné by Inhibitory-kappaB proteins (IkB). NF-

kappaB activity is regulated by phosphorylat‘; of the IkB proteins. External and internal

stimuli promote the phosphorylatlon of kB pfotelns via.the kB kinase (IKK) complex.

Consequently, rapid pblyubiquitination of IkBa on two adjal;ent lysine residues targets it
for degradation by the é_roteosomes [20]."Although NEI\/lQV is the only subunit absolutely
essential for activation of theslKK complex byadiverse stimuli, very little is known about its
mechanism of action{ 217!

In most tissues 80-90% of glucose oxidation is via glycelysis pathway [22].
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is an important ATP-generating
enzyme in the glycolytic pathway [23]. GAPDH gene expression is increased in
hepatocarcinoma cell line [24]. Cadmium can affect to GAPDH and glucose-6-
phosphate dehydrogenase (G-6-PD) activity in endothelial cell [16, 25]. Redox-acting
metals, such as iron and copper, undergo redox recycling to produce free radicals. In

contrast, cadmium is redox inactive metals that challenge antioxidant defenses by



binding to thiols in the cell [26]. Reduced glutathione is an antioxidant with —-SH group.
G-6-PD is a thiol antioxidant enzyme that subject to modification during oxidative stress.

In Endothelial cells, cadmium concentrations greater than 3-5 uM show
depletion of glutathione and ATP and almost complete inhibition of the activity of key
thiol enzymes such as glucose-6-phosphate dehydrogenase (G-6-PD) and
glyceraldehyde-3-phosphate  dehydregenase (GAPDH). In contrast, cadmium
concentrations less than 1-2 puM induced inercases in glutathione and thiol-enzyme
activities with minimal changes.in LDH Laakage, parrier function and ATP content. The
cytotoxicity is the result. oi«GSH depletion and thiol"pretein modification, but that at low
doses of the cadmiumesions, ihere Jis a sjlgnificaht compensatory antioxidant response,
characterized by an .inCrease Jn: GSH poncentration and an increase, possibly an
induction, of the thiol .enzymes, ' G-6- PD_-and GAPDH [16]. Another important thiol
enzyme, glyceraldehyde=3- phosphate dehydrogehase (GAPDH) is involved in ATP
production from carbohydrate preoursors durmg glycolysis. Yu et al. [27] has proposed
GAPDH as a link to NAD /NADH status thus Fnk redox status to cell metabolism. Jiang

42k
et al. [28] reported that low concentratlon—f cadmium induces the ERK and JNK

g

pathways and promotes human embryo Iung fibroblast €ell proliferation; while high

concentration of cadmlum induces p38 pathway and |nh|b|ts human embryo lung
fibroblast cell proln‘eratlon Furthermore, Hao et al. [29] reported that cadmium can
stimulate human embryonig=kidney cell proliferation at lower concentrations (0.05 and
0.5 uM) but inhibit itat'higher concentrations (50 and 500  uM)s Apoptosis increases at
higher concentrations (50 and 500 w¥) of cadmium, While 0.5 uM cadmium decreases
the JNKyphospharylation, 50 uM cadmium increases the, JNK and.P38 phosphorylation.
A dose-response increase in metallothionein produced by CdCl, indicated a biphasic
response, with low doses producing relatively more hepatic metallothionein than higher
doses [30]. These previous data are supported that cadmium has biphasic effect on cell
proliferation, MAPK pathways and metallothionein expression.

Cadmium as a well-recognized human carcinogen, pulmonary cancer. It has

been classified as a human carcinogen by IARC on the basis of inhalation studies in



rodents and epidemiological studies in humans. lung is another major target organ for
cadmium toxicity and for carcinogenicity. Cadmium-induced oxidative stress appears to
play a major role in mediating the negative effects of cadmium in the lung in relation to
both asthma and pulmonary fibrosis. The development of lung cancer has also been
shown to follow inhalation of cadmium in experimental animals [31].

Cadmium has long been considered a non-genotoxic carcinogen and thought to
act through epigenetic mechanisms. Long-term exposure to low-dose cadmium in vitro
disrupted growth dynamics+and stimulgtes cellsproliferation. Thus cadmium-induced
errors in DNA methylation«(epigenetic modification), increase the level of genomic DNA
methylation and DNA methyltransferasesilactivity, can be an early molecular lesion with
the potential for impacting malignant tranefqrmation and may be the possible underlying
carcinogenic mechanism of gadmium [32];

GAPDH exists inf the nucleus ar;'d J;related with in gene transcription, DNA
replication, DNA repair, and nuclear RNA export GAPDH is a necessary component for
the proper functioning of octamer bmdrng fac"for 1 (Oct-1) and Oct-1 co-activator in S-

2220

phase (OCA-S), that is essentlal for S= phaseTeﬁependent histone H2B transcription [33].

However, Karaczyn et al. [34] reported that the histone. H2B truncation do not concur

with apoptosis. Cadmrum induces_either apopt05|s or necrosis depending on the
cadmium concentration [35 3060].

The setting of standards for individaal substances is an important tool in the
protection of "human [ health. However, Humans lare lexposed to very complex
environmental mixtures. Assessment of the cumulative risk posed by exposure to
multipléichemicalslis ayproblem the USEPA'S, FDA's and EU's (Registration, Evaluation,
Authorization and Restriction of Chemicals: REACH) program discuss regularly. Mixtures
of chemicals produced toxicity only for those chemicals that showed the same toxic
effect on the same target organ when given singly at dose above the LOAEL values [37,
38]. Basic concepts of “dose/concentration additively” and  “response
addition/independence” may be applied to evaluate chemical mixtures in human

toxicology, as well as in ecotoxicology. In the case of compounds that cause the same



toxicological effect by the same mode of action, ‘dose addition’ is a more plausible form
of joint action than ‘response addition’ [39]. A primary goal of the hazard identification
and dose-response assessment components of the risk assessment paradigm should
include development of a biologically plausible weight of evidence description of the
key events in the mode(s) of action, and the dose-response and temporal relationships
among key events in each mode of action {40]. Changes in the developmental program
by some form of induced epigenetic ' repregramming could result in better risk
assessment and therefore, managementjmd communication [41].

Epigenetic regulation”of .mammalian gene expression has profound effects in
controlling cell growth,«differentiation andiI cancer development. In general terms, these
epigenetic alterations gan inglude covalerit modifications'of DNA and histones as well as
non-covalent changes i@ nuglegsome posi;'i(l)ning. The N-termini of histone polypeptides
are extensively modified By more tr;an 60 ;@ifferent posttranslational modifications such
as methylation, acetylation;, phosp‘ho‘rylatiorj';-éind ubiquitination [42]. Moreover, DNA and
histone synthesis are coupled and'-Ongoiné‘ijtﬁégrl‘ication is required to maintain histone

gene expression. DNA replicati-on and hisﬁé.protein synthesis are essential, finely

o el

balanced S-phase  évents. DNA synthesié inhibition . causes rapid histone MRNA

destabilization that fe;Sﬁs in histone syntﬁééis Shutdowh]jvhich raises the possibility
that checkpoints reguléte histone mRNA"levels. A keyfnechanism in regulating the
delivery of histone proteinitesnewly synthesized DNA occurs via control of histone mRNA
transcription and degradatian.’ DNA-activated pratein kihasegs(DNA-PK) is activated
during replication stress and DNA-PK signaling is enhanced when ataxia telangiectasia
and RadB related [(ATR)/ataxia telangiectasia mutated (ATM) signaling is abrogated.
Caffeine (ATR-Chk1 pathway inhibitor) has a substantial effect in stabilizing the bulk of
histone mMRNA. Histone mRNA stability may be directly controlled by ATR/ATM- and
DNA-PK-mediated phosphorylation of UPF1 [43]. Cadmium inhibits DNA-PK activity that
accumulation of unrepaired breaks leading to genotoxicity [44] that cause to decrease
histone mRNA decay. The epigenetic modification is involved with cadmium by it can

inhibit DNA methyltransferase activity in short-term exposure, but prolonged exposure to



cadmium cause neoplastic transformation and attend increases in DNA methylation and
DNA methyltransferase activity [45]. However, the mechanisms by which cadmium
induces cancer related with epigenetic modifications are poorly understood.
Furthermore, metal toxicant such as cadmium, vanadium, and manganese induced
apoptosis of varies models [46-49].

Some metals, such as wvanadium (IV) oxo-bis(maltolato) (BMOV), an
organovanadium compound, .is a protein’ phosphotyrosine phosphatase inhibitor,
induced apoptosis in a B-cellline [50]. |SSF—1R ahdPKCs are required to stimulate PKB
phosphorylation in respense fo-BMOV in HepG2«cells [51]. Moreover, vanadium
pentoxide (V,0,) is neurotoxieto dopamiqergic neuronal eells, increase reactive oxygen
species generation, followeg by rélease ef mitochondrial cytochrome c¢ into cytoplasm
and subsequent activation of caspase =9 a-nd caspase-3. Vanadium exposure induced
proteolytic cleavage of inative PKC& to -tatalyhoally active fragment resulting in a
persistent increase in PKCs kinase actlwty [52’] This data is supported that vanadium
activates caspase-3 to increase- PKCo actmt‘y [51] as same as manganese-induced

sLhd
dopaminergic neuronal cell death by caspaseS dependent proteolytic activation of

PKCs [53]. This process may be explalned the mechamsms of PKCs activation leads to

apoptotic cell death. The catalytically active PKC&fragmenfﬁcan regulate the activity of a
variety of cell signaling;molecules assoctated with apoptoﬁtric cell death, such as Histone
2B [53]. Moreover, Ajiro ét al [54] reportedithat histone H2B phosphorylation at Serine
14 (phosS14) has been proposed as an epigenetic marker of apoptotic cells and H2B
phosphorylated at Ser14 is associated with soluble, cleaved DNAyin apoptotic nuclei.
This data suggest/chramatin post-translational modifications arelassociated with DNA
degradation during apoptosis.

From previous study, cadmium is initially distributed to the liver and accumulates
at high levels. When defense mechanisms are overloaded and cells death is related to
the liver becomes one of the primary site of injury in human hepatocyte. However,
mechanisms are not yet clearly understood. Yet, cadmium decreases both NADH and

NADPH, the mechanisms have not been well understood. Therefore, we will investigate



GAPDH and G-6-PD gene expression, as two key enzymes to produce NADH and
NADPH. On the over hand, cadmium is carcinogen but it is not mutagen effect, which
epigenetic modification may assist cadmium-induced cancer that we will to investigate
the cadmium effect on nucleosomes, by determination of some core histone, especially
histone H2B. Furthermore, determine possible pathway to reverse toxicity effect of
cadmium. We suspect some growth ' factors are reverse cadmium toxicity; the
decrement toxicity effect of cadmium may bright te reduce cadmium toxicity in Mae Sot

populations.

Objectives

1. To study theseffect of Cadmiurrl‘w_ on NEMQO gene expression related to G-6-PD
gene in HepG2 cells: _ﬂ

2. To study the effect of éadmitj-‘i'n an GAPDH protein expression in HepG2
cells. :

3. To study the effect of cadmium-"d;w__‘pgcleosome component via histone H2B
stability in HepG2 cells: : T!”

4. To study-the effect of cadmium.'.‘o-'-f;»*;:_éll injury srelating to apoptosis and/or
necrosis 'ianepGZ cells. 7

5. To study thereffect of insulin to prevent cadmium toxicity in HepG2 cells.

Hypotheses

Cadmium' is accumulated at. high levels in liver. Acute toxicity on cadmium
induces, liver cell aeath, Its effect. may be related|to redox system'in the liver cells.
GAPDH "and G-6-PD are two enzymes to maintain of redox system in living cell.
Furthermore, cadmium is a carcinogen but not mutagen. These effects maybe related to
epigenetic modification.

We hypothesizes that

i) Cadmium affect to NEMO gene expression related to G-6-PD gene

expression in HepG2 cells.

i) Cadmium affect to GAPDH protein expression in HepG2 cells.
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i) Cadmium affects to the nucleosome via histone H2B stability in HepG2 cells.
iv) Cadmium is induced to the cell injury by apoptosis and/or necrosis in
HepG2 cells.

v) Insulin could reverse the cadmium toxicity in HepG2 cells.

Contributions of the Study

1. Understand molecular toxicity to better

AULINENINYINS
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CHAPTER I
LITERATURE REVIEW

Cadmium

Recently, environmental pollution by cadmium has been discovered in Mae Sot
District, Tak Province, Northwestern Thailand. Of 524 rice samples analyzed, their
cadmium content ranges between 0.05 and 7 .# mg/kg, with over 95% of the samples
contained cadmium above the level considerea o be “safe” for staple food (0.1 mg/kg).
Mae Sot District is the first reperted caseJof environmental cadmium pollution in Thailand
although the exact duratien of.stich exten§ive pollution remains unknown. In response to
the report of cadmium pellutien Jrice farmL!ng in the affected area has been suspended,
while rice for household consumptionrhas ‘b-(;'en supplied to farmers by Thailand officials.
In addition, a surveillance' pragram for ca"(';'girﬁi-um toxicity was launched in 2004 by the
Department of Community and Secial Me(;‘;éa.iine, the Mae Sot General Hospital and the
Bureau of Occupational and Envirohmenté-[rf'ﬁ)_fsgase, Ministry of Public Health [3]. The

b ) ok 221744
paddy fields receiving irrigation fref-the two ereeks (Mae Tao and Mae Ku) were found

to contain markedly elevated cadmium Ievélé'-él_fring the ,surveys in 2001-2004. Both

creeks passed throurgﬁ?zmc rich area where the zinc mihej'had been actively operated
for more than 20 years'_[55]. Since most of the residents' living in these contaminated
areas consumed rice ggown locally, they werge at risk of cﬁronio cadmium toxicity. Of the
7,697 cadmiurfi-exposed surveyed in' 2004 about 7.2% (554 cases) had urinary
cadmium levels much more 5 ug/g creatinine [13] and 69.2% of the sediment samples
of the'screeks exceeded”theymaximum ‘permissible /levell of 3:0 mg/kg. Cadmium
concentrations were low in the samples collected from the creeks before reaching the
zinc area, became much higher when passing through this area, and then declined
according to the distance. About 85.0% of the paddy soil samples receiving irrigation
from both creeks contained cadmium content above the acceptable level. Rice grain
and soybean grown in the areas were also detected to have elevated cadmium content
compared with the normal values. In 2004 the cadmium-contaminated areas were

estimated to be about 13,200 rais (x 1,600 m°) of paddy fields affecting 12 villages with
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a total population of 12,075. Since the majority of residents consumed rice grown locally,
they were at risk of chronic cadmium toxicity. Health risk assessment among these
exposed people was launched in 2004 [55].

Cadmium was discovered as an element by the German chemist F. Stronmeier
in 1817. The earliest observations of toxic effects from cadmium exposure are from
clinical medicine [56]. Cadmium is a metalithat may give rise to adverse health effects in
humans e.g. renal tubular dysfunction' and+#bone effects [67]. Agency for Toxic
Substances and Disease Registry repojted thateeadmium is an element that occurs
naturally in the earth’s crust*Pure-cadmium is a soft; silver white metal. Cadmium is not
usually present in the-enviroament as a'| pure metal, but as a mineral combined with
other elements such asfoxygen (Cadmiun:l oxide) chlorine (cadmium chloride), or sulfur
(cadmium sulfate, cadmium sulfide) Cadmlum IS often present in nature as complex
oxides, sulfides, and carponates in zinc; Iead and copper ores. It is rarely present in
large quantities as the chlorides and sulfates These different forms of cadmium
compounds are solids that d|ssolve i vvaffer to varying degrees. The chlorides and

2244
sulfates are the forms that most. easrly dISS5[_ e in water. Cadmium may change forms,

but the cadmium metal .itself does not d|sappear from. thé environment. Knowing the

particular form of cadmlum however, is very |mportant when determining the risk of
potential adverse health effects. Cadmium compounds afe often found in or attached to
small particles present infaiesMost people canrnot tell by smell or taste that cadmium is
present in air or water because it does nothave any recagnizable taste or odor. Soils
and rocks contain varying amounts of cadmium, generally ingsmall amounts but
sometimes inlarger.amounts (for example in'some fossil fuels orfertilizers) [1].

Most cadmium used in the United States is extracted as a by-product during the
production of other metals such as zinc, lead, or copper. Cadmium has many uses in
industry and consumer products, mainly in batteries, pigments, metal coatings, plastics,
and some metal alloys. Release of cadmium from human activities is estimated at from
4,000 to 13,000 tons per year, with major contributions from mining activities, and

burning of fossil fuels. The cadmium metal itself does not break down in the
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environment, but it can change into different forms. Most forms of cadmium stay for a
long time in the same place where they first entered the environment. Some forms of the
cadmium that goes into the water will bind to soil, but some will remain in the water.
Some forms of cadmium in soil can enter water or be taken up by plants[1].

Fish, plants, and animals can take some forms of cadmium into their bodies from
air, water, or food. Cadmium can change forms in the body, but it also stays in the body
for a very long time (years). Food and cigamette smoke are the biggest sources of
cadmium exposure for people-in the ggneral population. Average cadmium levels in
U.S. foods range from 2.i040 parts-of cadmium perbillion parts of food. Lowest levels
are in fruits and beverages,.and highes;I levels are in leafy vegetables and potatoes.
Most of the cadmium that enters'body goés to kidney and liver and can remain there for
many years [1]. It has a'long blologloal hahc life of around 20 years in humans [57]. A
small portion of the cadmium that enters E)ody leaves slowly in urine and feces. Body
can change most cadmium to a form that™i |s not harmful, but too much cadmium can

F
overload the ability of liver and k|dney to Change the cadmium to a harmless form and

the harmful form may damage health =er T .

Liver damage is not usually assomated W|th oral cadmium exposure, except at

very high levels of _‘éxposure. In humans, a fatal doée of cadmium can cause
pronounced liver damage. Hepatic effects have been fognd in rats, mice, and rabbits
after oral cadmium exposure. Acute expgsure via gavages at doses of 30-138
mg/kg/day causes liverinecrasis in most studies. Depletion|of liver glutathione by fasting
increases the liver necrosis following acute oral.exposure to cadmium in rats [1].
Cadmium produces'extensive liverinjury after acute and chronic.exposure in animals.
Unlike most hepatotoxicants, cadmium produces liver damage without biotransformation
as it does not undergo enzymatic conjugation, and there is no possibility of degradation.
Endothelial cells are thought to be the initial target of cadmium in the liver. Following
acute cadmium administration, hepatic congestion, ischemia, and hypoxia occur very
rapidly. The resultant ischemic hypoxia leads to neutrophil infiltration, Kupffer cell

activation, and inflammation, which could potentially contribute to the widespread
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hepatocellular apoptosis and necrosis observed with cadmium [58]. The studies
referred to in the foregoing sections demonstrated that after uptake from lungs or Gl-
tract, cadmium is transported in blood plasma bound to albumin. This binding form of
cadmium is predominantly taken up by the liver. A part of liver cadmium is excreted in
the bile bound to glutathione o However, total biliary excretion and the proportion bound
to glutathione decreases in long term lexposure (when a larger proportion of liver-
cadmium is bound to MT) and the dominating soute for gastrointestinal excretion of
cadmium is not via bile or pancreatic ﬂu_i9, but'viasshedding of gastrointestinal mucosal
cells. It was shown in animal experiments that within 24 hour after a single dose of
cadmium chloride, an#increased pr0|q|ortion of liver=eadmium will be bound to
metallothionein in liver.tissuesA small__pror‘;ogion of “metallothionein-bound cadmium will
be released into blood plasma. Metalloghienein—bound cadmium in plasma is filtered
through the renal glomeruli and reeesorbeléj |n the proximal renal tubules. This transport
mechanism between the liver and krdney was demonstrated by transplantation of livers
from cadmium-exposed anlmals te non exposed ones. There was a selective transport

42k
of cadmium from the liver and uptake of ca_crmlum in the kidneys of the transplanted

animals. Reabsorption of the cadmlum metalloth|one|n gomplex occurs in the renal

tubules by adsorptwe endocytosis mediated by the ZIP&transporter on the apical
surface of renal tubular“-cells. After uptake, cadmium entefs the lyzosomes in the tubular
cells where cadmium is released from metallothionein and the released cadmium ions
may cause tissue [damageif protective metallothionein isnot present. In long-term
exposure, the unbound cadmium stimulates new..metallothioneingproduction in renal
tubularfeellsiand metallothiongin. binds ‘cadmium .and protects (the icells. This is the
situation "in animals and humans with intact metallothionein synthesis. These

mechanisms are summarized in the scheme shown in Figure 1 [56].
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Figure 1. Basic flow sch MR the ‘\; onstrating the role of binding
forms in blood and me n syhthesisiand G dation in liver and kidney tissue.

GSH, glutathione; MT, metall 0 acids; Alb, albumin [56].
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Cellular injury induced by cadmium is dependent on a number of factors,
including dose, route of exposure, and duration of exposure. In order to understand how
cadmium intoxicates target cells, it is necessary to gain a detailed understanding of the
mechanisms involved in the transport of cadmium into those cells and the subsequent
bonding interactions that occur with cadmium before and after it has entered into the
intracellular milieu. In particular, it is.important to gain a thorough understanding of the
bonding interactions that occur between cadmium and the abundant low-molecular-
weight, intracellular thiols*(such as glutathione and metallothionein) and critical
nucleophilic binding sites#on proieins that play vital roles in maintaining normal

homeostasis in cells [59]:

]
Humans are gen€rally exposed o cadmium by two main routes, inhalation and

ingestion. The body buiden of cadmium-is«derived primarily from ingestion of food and
drinking water contaminated: with eadmiu:fn erCI is the principal form of cadmium
associated with oral exposure, “as it -is hfghiy soluble in water. The efficiency of

gastrointestinal absorption of Cadmrum has 6een reported to be approximately 3-8% of
sLhd

the ingested load. The b|oava|lab|lxty of oad—um from a single dietary load has been

shown to be almost three tlmes greater in Women than.in men. Intestinal absorption of

cadmium is charaote_?ized by a rapid rate of accumula’tLon of cadmium within the
intestinal mucosa andga low rate of diffusive transfer [hto systemic circulation. The
intestinal uptake of cadmiums,and its subsequent distribution to target tissues is greatly
dependent on|the .chemical form ©of| cadmium presented to the intestinal epithelium.
Cadmium bound to metallothionein«(Cd-MT) or cysteine (Cd-(Cys), is in a form that
permitsicadmium jonsyiol be delivered. to,/and taken' up"more [readily by, the target
epithelial“cells in the kidneys. The complex nature of the handling of cadmium in the
body after oral/gastrointestinal and pulmonary exposure to cadmium and the potential
species of cadmium that may be involved in the uptake, accumulation, and elimination
of cadmium in the primary target organs are summarized in the scheme shown in

Figure 2 [59].
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Regardless of oral, pulmonary, or parenteral exposure, the liver is by far the
primary organ that takes up the greatest quantity of cadmium during the initial hours
after exposure, especially after parenteral exposure. The liver is so effective in clearing
the blood of cadmium that less than 1% of the dose was remaining in the total blood
volume 1 hour after exposure. The amounts of cadmium taken up by the liver accounted
for as much as 50-60% of the administered dose. The liver accumulates substantial
amounts of cadmium after either acute or €hronic exposure to hepatotoxic doses of
cadmium. Numerous investigators beli(z've thal,»when hepatocellular necrosis and/or
apoptosis is/are induced.y*cadmium, a significant'amount of the metal in the necrotic
and/or apoptotic hepateCyic s released, into hepatic Circulation in the form of Cd-MT

[59].

4

The mechanisms of cadmium-indueed hepatotoxic effects have been reported,

i
1 -

A A5
in experimental animal models following{elevated in vivo exposure conditions and

following in vitro exposurestand cadmium produced DNA damage, elevated expression
i r: {_
of the proto-oncogenes c-mye, c-fos, and c!—f&_/'_";:a_,nd apoptosis in a dose related manner
A anad LA

in liver cells of rats injected with cadmium cﬁ}e—r[de at doses of 5, 10, 20 umol/kg. In vitro

studies on human liven cells and rat liver cells have reported similar findings with regard

to cadmium—inducec-i.giidative stress and dose-related Ce!i'i_u-ar stress protein responses
and apoptosis. Normal;and immortalized human liver cell_é exposed to cadmium over a
concentration range of 1100 umol/L [23].«They observed DNA damage and loss of
mitochondrial membrane patential iwith activation of caspase-9 and caspase-3 which
was associated with the development of apoptosis. In addition, sthey also observed
increased expression of pb3 and phosphorylation of.the serine 15 fesidue on this protein

which is important for its biological activity [23].
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These studies provide useful mechanistic information on the central roles of
oxidative stress in mediating cadmium toxicity in human liver cells which are consistent
with the results of in vivo exposure studies. Normal rat liver cells exposed to cadmium
and focused on roles of altered expression of heat shock proteins such as heme
oxygenase-1 (HO-1) and the major stress protein families in mediating cadmium-
induced oxidative stress related toxieity. They found that these protective cellular
systems were able to maintain.cell viability aver short exposure periods but with longer
exposures, down regulation-of fundamental cellularprotein systems occurred resulting
in cell death. Consistentewith _pessible indirect linkages and extensive anti-oxidant
protection systems in«the liver are the ilresults from in“vitro gene expression. These
studies also confirmeddthe up-regulation i(_)f’antioxidant systems in rat liver hepatocytes
[23]. ,

Cadmium toxicityoften impli:c:ate Wl';’[h Jéeactive oxygen species (ROS), either in a
variety of cell culture systems orin lntact anfmals through all routes of exposure. It has
been suggested that the mechamsms of acute cadmium toxicity involve the depletion of

sLhd
glutathione and protein-bound sulfhydryl groups resulting in enhanced production of

reactive oxygen speC|es such as superOX|de |on hydrogen peroxide, and hydroxyl

radicals. Cadmium can induce reactive oxygen speoles and overwhelm the antioxidant
defenses, leading to |ncreased lipid peroxidation and oxidative DNA damage. Acute
cadmium overload can fgenerated free radicals, including superoxide anion (02'7),
hydrogen peroxide (iH,0,), hydroxyliradical (©H) and lipid radicals (L) [60].

Cadmium is not a redox actiye metal, and.free radical generation by cadmium
must beimediated through indirect mechanisms, including glutathione depletion, Kupffer
cell activation, inflammation, and involvement of iron for the Fenton reaction. However,
during long-term exposure to cadmium at low doses, reactive oxygen species
accumulation may not be the only mechanisms associated with cadmium-induced
chronic toxicity and carcinogenesis. Adaptive mechanisms including induction of

metallothionein, glutathione, and cellular antioxidants. The initiation of oxidative DNA

damage and subsequent apoptotic resistance, epigenetic DNA methylation status
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changes, and aberrant gene expressions, all of which could play integrated roles in
cadmium carcinogenesis (Figure 3) [60].

Occupational exposure to cadmium has been associated with occurrence of
increased oxidative stress and cancer such as human pancreatic cancer and renal
carcinoma. Cadmium itself is unable to generate free radials directly, however, via

indirect mechanisms; it can cause free radical-induced damage to the gene expression.

It has been reported that cadl car LIS ctivation of cellular protein kinases,
which result in enhanced phosp ati &n factors and consequently lead

to the transcriptional acti
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Reactive Oxygen Species

Oxygen free radicals or, more generally, reactive oxygen species (ROS), as well
as reactive nitrogen species (RNS), are products of normal cellular metabolism. ROS
and RNS are well recognized for playing a dual role as both deleterious and beneficial
species, since they can be either harmful or beneficial to living systems. Beneficial
effects of ROS occur at low/moderate cancentrations and involve physiological roles in
cellular responses to normoxia. The harmful effect of free radicals causing potential
biological damage is termed oxidativeJ stress” and- nitrosative stress [61]. Reactive
oxygen species (ROS) are-highly. reactive molecules or molecular fragments that are
continuously produced.inall_aerebic orqanisms, mostly.as a consequence of aerobic
respiration. The term covers several types}. oi reactive oxygen metabolites, including free
radicals, which are defiped as a moleculé;éontaining one or more un-paired electrons
on its outermost orbital, for examplé, supe}i_oxdilde anion (O, ), hydroxyl radical (HO) and
singlet oxygen. The term ROS also encomﬁa—sses some non-radicals such as hydrogen
peroxide (H,O,). The life-span of Qifferent RéS ;\(!aries considerably, from less than 1 ns
of hydroxyl radical to even hourrs"‘of -HQOQ, thé%_%féures depending on numerous cellular

environment factors, Besides tzﬁe';high reactiv“ity-fé_n‘other important feature of ROS is that

their reactions with n'o_ﬁ—ﬁdicals tend to result in the formaii’qh of new radicals [62].

At low levels, Ehey are known to act as imporfant signaling molecules. For
instance, in plants, ROS are.used to facilitatg,an array of essential biological processes,
including immune | defence, growth: and development, [seed germination and the
alleviation of seed dormancy, programmed cell death and stress acclimation. Yet, the
effects of ROS are/dose dependent, and at/high levels these highly reactive molecules
will exert'oxidative stress on the cell, and invoke profound changes in gene expression.
If left unchecked, oxidative stress will result in cumulative oxidative damage to DNA,
RNA and proteins within the cell [63]. Multiple pathways involved in ROS-induced cell
death have been proposed. ROS can cause direct injury to proteins, lipids, and nucleic
acids, leading to cell death. Protein oxidation can impair a wide variety of enzymatic

processes and growth factors that can result in marked cellular dysfunction [64].



23

Mechanisms involved in the oxidation of proteins by ROS were elucidated by
studies in which amino acids, simple peptides and proteins were exposed to ionizing
radiations under conditions where hydroxyl radicals or a mixture of hydroxyl/superoxide
radicals are formed. The side chains of all amino acid residues of proteins, in particular
cysteine and methionine residues of proteins are susceptible to oxidation by the action
of ROS. Oxidation of cysteine residues may lead to the reversible formation of mixed
disulphide between protein thiol groups /(#SH)_.and low molecular weight thiols, in
particular GSH (S-glutathiolation). The cgncentration of carbonyl groups, generated by
many different mechanisms®is 2_good measure of ROS-mediated protein oxidation [61].
Lipid peroxidation has been .inked '|to cell death through effects on cellular
phospholipids through«activation of sphiriggmyelinase and release of ceramide, which
activates apoptosis. Nucleic acid oxida%k).n has been linked with physiologic and
premature aging as well as DNA stfand b%aiés, leading to necrosis and/or maladaptive
apoptosis [64]. -

Oxidative stress has been tmpllcatedjm various pathological conditions involving

sLhd
cardiovascular disease, cancer, neurolog:caﬁsorders diabetes, ischemia/reperfusion,

other diseases and agemg In add|t|on to ROS varlous redox metals, due to their ability

to generate free radlcals or non-redox metals due to their ablllty to bind to critical thiols,
have been implicated in the mechanisms of carCinogenesis and ageing. These diseases
fall into two groups: (i) thie figst group involves diseases characterized by pro-oxidants
shifting the thigl/disulphide redox| state ‘and impairing glucose folerance—the so-called
“mitochondrial oxidative stress” comditions (cancer and diabetges, mellitus); (ii) the
secondigroup involves, disease (characterized by .finflammatoryl.oxidative conditions”
and enhanced activity of either NAD(P)H oxidase (leading to atherosclerosis and
chronic inflammation) or xanthine oxidase-induced formation of ROS (implicated in
ischemia and reperfusion injury). The process of ageing is to a large extent due to the
damaging consequence of free radical action (lipid peroxidation, DNA damage, protein

oxidation), as illustrated in Figure 4 [61].
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Oxygen has a unique molecular structure and is abundant within cells. It readily
accepts free electrons generated by normal oxidative metabolism within the cell,
producing ROS, such as superoxide anion and hydroxyl radical, as well as the oxidant
H,O,. Processes causing uncoupling of electron transport can enhance the production
of ROS, with mitochondria being a major source [64]. The production of superoxide

occurs mostly within the mitochondri cell. The mitochondrial electron transport

ian cell and thus is essential for life.
During energy transductior small : rons “leak” to oxygen prematurely,

g ay O : 3 ygen p y
forming the oxygen fi as been implicated in the

pathophysiology of a
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Antioxidant and other cell redox state modulating enzyme systems act as the
first-line defense against ROS in all cellular compartments and also extracellularly. The
most important of these enzymes include superoxide dismutases, glutathione
peroxidases, catalase and peroxiredoxins. The specific role of cell redox state
modulating enzymes in carcinogenesis is still unambiguous since their roles in ROS
detoxification are to a certain extent averlapping and they are also involved in many
physiological processes [62]. The cellular, subeellular, and tissue-specific expression of
antioxidant enzymes, such+as superol(ide dismutases (SOD), catalase, glutathione
peroxidases, and peroxiredoXin largely determine the relative vulnerabilities of tissues
and cells to ROS-mediatedsinjury. Hovxglever, oxidative stress may actually regulate
antioxidant capacity, .with newbern rate demonstrating upregulation of glutathione
peroxidase catalase, and CuZn (cytosohc)aSOD expression and activity in response to
hyperoxia [64]. Furthermore, bloenergetr'cs by mitochondria and redox state are
determined by intracellular Caf Ievels Ca may increase mitochondrial ROS formation
by many mechanisms, |nolud|ng ennanolng citric acid cycle activity and NADH

A2
formation, promoting the loss of cytocnromec due to the mitochondrial permeability

transition and activating ROS generatmg enzymes such as glycerol phosphate,

a-ketoglutarate dehy@kogenase. An early event in Ca’ —’i,,nduced mitochondrial ROS
generation may be anjncrease in lipid packing in the mitocnondrial inner membrane
[65]. Cadmium depletesiglatathione and pretein bound sulfhydryl groups, resulting in
enhanced production of ROS such as superexide anian (O, ), hydrogen peroxide (H,0,)
and hydroxyl radicals [60]. Furthermare, previous study reported that,cadmium chloride
can induceihepatic toxicity inlrodents. ROS' formations| are fLincreased with LD,
concentrations of cadmium (20 uM of cadmium chloride) which are released by proton
ionophores that uncouple oxidative phosphorylation. Mitochondria are major
contributors to endogenous ROS formation. Glycolytic substrates (Fructose, xylitol,
glutamine) inhibit cadmium-induced ROS formation and mitochondria are the site of
ROS formation. Mitochondria are the ROS sites for non-redox or poor redox cycling

transition metals such as cadmium [66]. The targets of reactive oxygen species for
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modification protein are containing with thiol groups of cysteine residues. Such
modification can lead to important cellular signaling processes that ultimately result in

modification of the physiology of the organism [67].

Glyceraldehyde-3-phosphate dehydrogenase (GAPDH; GAPD)

In most tissues 80-90% of glucose oxidation is via glycolysis, and the remaining
10-20% occurs via the pentose phosphatespathway [22]. The glycolysis is ancient
metabolic machinery in which one mole of glueese is.catabolized to two moles of each
pyruvate, NADH and ATP. Under aerogic conditions, pyruvate is further oxidized by
mitochondrial enzymes to«€O, and H. 0. CISchonsis can be separated into two steps, the
first step uses two molestof ATP to Converl'.t glucose to fructose-1, 6-bisphosphate. In the
second step, fructose—1,6—bisphosphra:te i:sd".converted stepwise into pyruvate with the
production of four moles of ATP and two m‘é)leé of NADH, as illustrated in Figure 5 [68].

Glyceraldehyde-3-phosphate dehy;d}pgenase (GAPDH;GAPD) (EC1.2.1.13) has
been considered to be primarily. 8 houséiégpirng enzyme involved in the glycolytic

'y i de i Al
pathway, catalyzing the NAD-dependent con@s_‘ion of glyceraldehyde-3-phosphate into

1,3-diphosphoglycerate [69], using NAD “as the electron acceptor [70]. GAPDH

comprises a polypé_pﬁde chaifof 335 ammino acids=Siruciural studies identified two
regions, namely the gIy_ceraldehyde—3—phosphate catalytiic site and the NAD" binding
site, a primary structur;a known as the Rossmann fold, \’/vhich is also required for the
activity of otherdehydrogenases [70]. One of the consequences of oxidative stress is a
drop in cellular ATP levels and blocked glycolysis, largely due to the inactivation of the
glycolytic ‘enzyme;~ glyceraldehyde-3-phosphate” dehydrogenase, (GAPDH). GAPDH
catalyses the oxidative phosphorylation of glyceraldehyde-3-phosphate to
1,3 bisphosphoglycerate by converting NAD™ to the high-energy electron carrier
NADH [71]. which GAPDH is an important ATP-generating enzyme in the glycolytic
pathway [23].
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GAPDH also has a role in mediating cell death under oxidative stress. GAPDH
nuclear translocation is triggered in response to low-to-moderate oxidative stresses,
whereas increased levels of oxidative stress promote robust formation of GAPDH
aggregates, resulting in more extensive cell death [72]. GAPDH is a major target protein
in oxidative stresses and becomes thiolated in its active site. It is extremely sensitive to
the modification of the cysteine residue (Cys152) located in its active site. The active site
cysteine to be S-thiolated by hydrogen peroxide, S-nitrosilated by nitric oxide, and
nitroalkylated by nitroalkene derivativgs. GAPDH" exerts other functions beyond
glycolysis, and that oxidatively madified glyceraldehyde-3-phosphate dehydrogenase
regulates its cellular fun€tions by €hanging its interacting proteins. Thus GAPDH is a
major target of oxidative'stress [71]. {

A number of siudies, acceleratmgl in the last decade, have indicated that
GAPDH is not an uncomphcated, S|mble glycolytic. protein [73]. GAPDH is a
multifunctional protein such ' as GAPDH “binds to microtubules and modulates
microtubule bundling, contrlbutes to memérane transport and in membrane fusion,

224
binding with the inositol 1,4,5- trlsphosphate feceptor (IP3R), modulating calcium flux,

-

protein phosphotransferase/klnase react|ons the tranSlational control of gene

expression [73]. Furthermore GAPDH exists in the nucleus and related with in gene
transcription, DNA replication, DNA"repair, and nuclear RNA export, as illustrated in
Figure 6, each activity appears to be distinctifrom its glycolytic function [9].

At S-phase|.pragression requires| cyclin [E/cdk2 isighaling, which orchestrates
coupled DNA replication and histone expression..lhis is mediated oy NPAT, nuclear
proteiniitheataxia-telangiectasia. locus,’ a/ cyclin .E/cdk2" substrate.” Transcription of
histone genes is mediated by subtype-specific promoter elements and associated
transcription factors and/or co-activators, and the overall histone expression levels are
regulated post-transcriptionally as well. In addition, the histone expression is highly
coordinated and is tightly coupled to S-phase progression [74]. Transcription from the
histone H2B (H2B) gene requires octamer binding factor 1 (Oct-1) and

Oct-1 co-activator in S-phase (OCA-S), a multi-subunit complex that contains the
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NAD(H)-linked classical glycolytic enzymes glyceraldehyde-3-phosphate
dehydrogenase (p38/GADPH) and lactate dehydrogenase (p36/LDH) along with other
components. During inter-phase, the essential octamer (ATTTGCAT) element in the
histone H2B gene promoter is constitutively bound by Oct-1 that in turn recruits the
OCA-S complex via a direct p38/GAPDH-Oct-1 interaction, which is S-phase specific
hence accounting for S-phase induction of the histone H2B gene [27].

The GAPDH gene and protein are .actively regulated on cell proliferation.
GAPDH is the target of different transcrigtion facters, and various control regions have
been identified in its prometer, ineluding hypoxia and-insulin responsive elements [70].
GAPDH is a necessaryseompongni for the proper functiening of Oct-1 coactivator and
OCA-S, that is essential for S—phase—dependent histone H2B transcription in HelLa cells
[33]. GAPDH appears 0 protect cells agamst oxidative stress. This protective action
involves generation of the reduced pyrldlﬁe ‘nucleotides and NADH, from NAD". The
generation of these reducing equwalents depends upon an adequate supply of NAD".
NAD" precursors protect agalnst OXIdatlve stressﬂand DNA damage by up-regulating the
stress response genes GAPDH [75] GAPDH;RNA and protein levels vary in response
to various stimuli [70]'such as 1 25 d|hydroxy§/.|tam|n D3 (1,25-(0H)2D3) [76], fudenine

[77], oestradiol [78],_(bacterial endotoxin or Iipopolysacéﬁharide [79], hypoxia [80],
insulin [81] and mangarr]rese [82]. |

GAPDH is a redoxgsensitive proteinpthat is inactivated by ROS. Therefore, in
conditions that indudce ‘a (mild RQS| production (lymphacyte activation), GAPDH
upregulation may be protective for the cell. However, in the presenge;of higher amounts
of ROSy such asl those| abserved! under' iconditions | of mitogchondrial dysfunction,
oxidation'of Cys152 may lead to a GAPDH inhibition, participating in cell death [70].

The strong depletion of ATP may be the consequence of the depletion of
intracellular NAD™ via PARP activation and/or the inactivation of GAPDH by
S-nitrosylation and formation of sulfenic acid. Activation PARP consumes NAD", and
because NAD is required for glycolysis. Therefore, when an oxidative stress induces

the activation of PARP, including GAPDH, but since NAD+ continues to be depleted,
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one of the main consequences for such a drop in NAD" is an arrest of the glycolysis.
Thus, when glycolysis is finally block, ATP depletion will follow, culminating 8-12 hour

later in cell death [83].

The Nucleosome

In 1974, a revolution occurred.in molecular biology with the elucidation of the
“nucleosomal” subunit structure in chromatin{84]. The eukaryotic cell stores its genetic
information in DNA molecules that can be over4"m. in length. The DNA is hierarchically
packed in the nucleus (up_ f@.=2% 10_5—J‘[imes smaller in length) with the aid of proteins
to form a complex calle@*€hromatin. The nuclecsome core particle represents the first

level of chromatin organization and s cor%]posed of two copies of each of histones H2A,
H2B, H3 and H4, assembled in ari;:octé:g’{eric core with 146-147 bp of DNA tightly
wrapped around it. Nucledsome cores aré;- séparated by linker DNA of variable length
and are associated with the linkerhistone ":‘I:;i‘_..{85:|. The DNA most tightly associated with
the nucleosome called the core DNA, is wémd approximately 1.65 times around the

"y 4 [ —-_,J‘_.l )
outside of the histone octamer like thread around a spool. Histones are by far the most

abundant proteins associated with et karyoti.c’! BN:A’[86].

Eukaryotic c'_el‘fé commonly contain five abundantif_w_i'stones: H1, H2A, H2B, H3
and H4. Histones H2A, HZB, H3 and H4 are the core histoines and form the protein core
around which nucleoso’mal DNA is wrapped, Histone H1’is not part of the nucleosome
core particle. Instead, it'binds to thelinker DNA and'is referred to as linker histone [86].

Core histones play structural.roles in chromatin assembly_and compaction by
formingy the {nucleosome.;"NuCleosomes| are heterotypic “tetramer! (H3-H4), with two
associated dimers (H2A-H2B) in the form ([H2A-H2B] [(H3-H4),] [H2A-H2B]).
Associated with this octamer are about 147 bp of DNA wrapped in 1.7 superhelical turns
[85]. Nucleosomes are connected by a DNA linker of variable length that forms a 10-nm
beads-on-a-string array. Structural details of the nucleosome core particle are obtained
from a 7 A resolution crystallographic analysis, with an (H3),(H4), tetramer and

two H2A-H2B dimers at the core, and the DNA wrapped around it.
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The core histone tails play important roles in nucleosome stability, and may
contribute to define the condensed state of the chromatin fiber and higher order
structures by facilitating nucleosome assembly or disassembly. Histone H2B and H2A
are found to be the most variable pair, whereas H4 and H3 were the most conserved.
Interestingly a large fraction of the positions where sequence variation in the histone fold
domain was observed had similar iphysicochemical properties (i.e., changes in
sequence were mostly to physicochemically .€onserved amino adds; e.g., leucine to
isoleucine or valine, or lysineto arginine)‘é[85].

Eukaryotic chromatin® _is*.a highly dynamic macromolecular assembly.
Nucleosome particles.ean be'medified iglw their composition, structure and location by
chromatin remodeling.eomplexes that infroduce posttranslational modifications (PTMs)
to the core histones and leads jto nucleosgme assembly and reassembly. Additionally,
the chromatin fiber can be modlfled by the"lncorpora’uon of histone variants. This would
change local chromatin strugture ='by pro"r’no’tmg nucleosome subunit exchange to

F

facilitate cellular processes such as transcnptlon or development. Most eukaryotic
4ok

organisms have multiple coples of hrstone genes The major histone protein genes are

mostly present in gene clusters and are expressed primarily during the S phase of the

cell cycle. These hist_Bnes are used for nucleosome ass’e,mbly and packing of newly
synthesized DNA. In cqrntrast, some histone variants are expressed throughout the cell
cycle and their expression is=not restricted toithe S phase [85].

In human cells, eagh passage through|S-phase’ requires the synthesis and
carefully orchestrated assembly of about 30 .million nucleosomes. Nucleosome
assembly during! BNAreplication, represents a considerable challenge for eukaryotic
cells. Part of the problem lies in the fact that cells normally deposit newly synthesized
histones behind the replication fork almost as soon enough DNA has emerged from the
replication machinery to allow the formation of nucleosomes (~150-300 base pairs). The
passage through S-phase in the absence of histone synthesis results in a severe loss of
cell viability in budding yeast. The nucleosome assembly challenge is that histones are

highly basic proteins that bind very avidly and non-specifically to nucleic acids.
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Because of this, free histones and DNA do not spontaneously associate into
nucleosomes at physiological ionic strength, but rather form insoluble aggregates.
Therefore, S-phase cells need to maintain a very delicate balance between histone and
DNA synthesis to avoid making either too little or too much newly synthesized histones
[87].

Core histone variants

Eukaryotic cells commonly contain fourof core histones: H2A, H2B, H3 and H4
form the protein core around-which nuclej)somal DNAvis wrapped.

Histone H2A

H2A is the corehistone with the largest number of variants. The histone H2A
variants include H2AZ and H2AX, Whlch are found in 'most eukaryotes, and H2A. The
serine residue in the consensus is phosphorylated in response to double-strand DNA
breaks. Additionally, phosphorylatioh of HZAX has been found to aid in the recruitment
of proteins involved in DNArepair [851. 3

Histone H2B i -'-f-.rf-'.._

Histone H2B variants are fe\}v in numf;lerJénd those that have been documented
have specialized roles in chromatin eompac;[f;dh.‘dh’ring gametogenesis The H2B variant
documented in sea umWNWW Characterlstlc pentapeptide
repeat that is hlghly Charged Additional H2B variants have also been found in male
gametic cells from lily and, more recently, in_bovine and humah spermatozoa, however,
their specific roles remain to be elucidated [85].

Histone H3

Histohe'H3\ariants includeiH313, [CenH3iand H3i140H3:3 isTa histone variant that
is not S4phase regulated and is found in transcriptionally active chromatin. H3.4 is a
testis-specific H3 variant found in primary spermatocytes [54, 55]. The CenH3 variant is

localized in centromeric chromatin; their N-terminal tails are extremely divergent and

share no sequence similarity with canonical H3 [85].
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Histone H4

Histone H4 is the most highly conserved histone. H4 makes extensive contacts
with the other three core histones in the nucleosome core particle and is thus
constrained in its sequence variability. H4 has no known sequence variants; indeed,
there are even identical sequence variants that are expressed in a cell cycle-

independent manner as opposed to the predominant synthesis period for histones in the

S phase of the cell cycle [85].

Greater than 20% of.the res i ne are either lysine or arginine.
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Table 1. General Properties of the Histones [86].

Histone type Histone Molecular weight % of Lysine and Arginine
(Mw)
Core Histone H2A 14,000 20
H2B 13,900 22
23
24
Linker Histone 32
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The duplication of a chromosome requires replication of the DNA and the
reassembly of the associated proteins on each daughter DNA molecule. The latter
process is tightly linked to DNA replication to ensure that the newly replication DNA is
rapidly packaged into nucleosomes. To duplicate a chromosome, at least half of the
nucleosomes on the daughter chromosomes must be newly synthesized. In experiments
that differentially labeled old and new histones, it was found that the old histones are
present on both of the daughter chromosomes: Mixing is not entirely random, however.
H3-H4 tetramers and H2A=H2B dimersJ are-composed of either all new or all old
histones. Thus, as the replieation-fork passes, nucleesomes are break down into their
component subassemblies. H8-H4 tetramlers appear to remain bound to one of the two
daughter duplexes at./@andom and are névgzr released from DNA into the free pool. In
contrast, the H2A-H2B dimmers are releaéea and enter the local pool available for new
nucleosome assembly. On average; each hew DNA molecule receives half old and half

new histones [86].

The Epigenetics — T

Epigenetics s derived from - epi- '(';r'i-éé-hi‘ng upop) and genetics. The term
“epigenetics” broadly-fefers 16 changes i gene function that occur in the absence of
any change in DNA serquence. Epigenetic regulation of mammalian gene expression
has profound effects inicontrolling cell growth, differentiaﬁon and cancer development.
It has been proposed that ‘perturbations of epigenetic gene jregulation may play a
critical role in the'genesis of most, if not all, cancers”. In general terms, these epigenetic
alterations “can’ include“ covalent 'madifications of DNA and histones-as well as non-
covalentiichanges in nucleosome positioning. The important epigenetic mechanisms
include DNA cytosine methylation; covalent histone modifications (acetylation and
methylation of lysines and arginines, phosphorylation of serine and threonines,
ubiquitination, sumolyation and biotinylation of lysines as well as ADP ribosylation)
(Figure 7); noncovalent histone protein modifications such as incorporation of histone
variants and nucleosome remodeling; and non-coding RNAs, functional RNA molecules

that are not translated into proteins. All histone proteins are modified inside the nucleus
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of the cell [41, 88-90]. Epigenetic inheritance is a key element in the adaptation of
organisms to a rapidly changing environment without stably changing their DNA
sequence [91].

In eukaryotic cells epigenetic modifications are encoded via two primary modes
which differ dramatically in their information content. DNA methylation, the most
\is binary in nature and its information content is

yﬁéven minor disruptions of methylation

broad range of developmental

characterized epigenetic modificatio

density can be lethal d
abnormalities and dise | methylation patterning. The
second mode of epig modification of polypeptides
which package DNA he fundamental unit of the

packaged DNA and it i f the four core histones (H3,
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Epigenetic abnormalities in cancer have an important biological and clinical
impact. The aberrant epigenetic mechanisms affect the transcription of genes involved
in the regulation of cellular growth, differentiation, apoptosis, transformation, and tumor
progression. Epigenetically inactivated genes include tumor suppressor genes,
suggesting that epigenetic silencing of gene expression plays an important role in
tumorigenesis. Reexpression of epigenetically silenced genes may result in the
suppression of tumor growth [92]. HDAC complexes are operated by HSP70, where it
may play a role in the ATP—dependent_geacetylation of chromatin substrates. Butyric
acid changes the structure*of chromatin by posttranslational modifications, the most
important of which aresthe aeetylation allnd phosphorylation of nuclear histones. High
levels of butyrate may.also act in synergy‘with folate deficiency to impede the formation
of inactive chromatin. l\/lncronutrlents whoseudeﬂmency Or excess may perturb epigenetic
processes include zinc, selenium, arsenic, I'h|ckel iron, vitamin C and niacin, a precursor
of NAD". Arsenic and alcohol dep[ete the methy{ donor pool [76]. Short-term exposure to
cadmium inhibited DNA methyltransferase actMty but prolonged exposure to cadmium

sLhd
caused neoplastic transformatlon and attende_d increases in DNA methylation and DNA

,‘ |

methyltransferase actlwty [45]

The U.S. Enwronmental Protection Agency’s GU/de//nes for Carcinogen Risk
Assessment encourages the use of mechanistic data in the assessment of human
cancer risk at low (environmental) exposure levels. The key events that define a
particular mode of action fortumor formation have been concentrated to date more on
mutational responses that are broadly the result of induced DNA damage and enhanced
cell praliferation. Whilesit is clear'.that thesel processes are" important;in terms of tumor
induction, other modes that fall under the umbrella of epigenetic responses are
increasingly being considered to play an important role in susceptibility to tumor
induction by environmental chemicals and as significant modifiers of tumor responses

[41].
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Programmed Cell Death

Programmed cell death (PCD) is a basic biological phenomenon that plays an
important role during development, preservation of tissue homeostasis, and elimination
of damaged cells. Several nomenclature systems have been proposed to classify PCD.
One widely accepted system describes three major morphologies of programmed cell
death, and classifies PCD as type |, ijapoptosis; type Il, autophagy; and type llI,

programmed necrosis [93].

Apoptosis

Apoptosis is the_best-deseribed! form of programmed cell death, and plays a
major role in both embryonic developr."nent and organismal aging. It involves the
controlled activation of proteases and othérﬂ.hydrolyses that rapidly degrade all cellular
structures. At the morphological devel, fpe‘-'c[assic hallmarks of apoptosis are the
condensation of chromatin (pyknosis); nuclé‘a__r fragmentation (karyorrhexis), shrinkage of
the cell and plasma membrane blabbing.'rjm major pathways initiate apoptosis: the
intrinsic (or mitochondrial) and the extrinsic pé:-ﬂ;‘\';;;ays (Figure 8) [94].

The apoptosis cascade can be initia;té'd’-‘dfa‘ two_major pathways, involving either
activation of death receptors-in-response to-figand-binding (extrinsic or death receptor
pathway), or the re{ease of proapoptotic proteins, suéh as cytochrome c, from
mitochondria to cytosol 7(intrinsic or mitochondrial pathway). The death receptor pathway
is activated through the tumor necrosis' factor (TNFE) family of gytokine receptors, and
has a fundamental role in maintaining tissue homeostasis, particularly in immune
recognition[93].

The extrinsic pathway is initiated at the plasma membrane level by activation of
death receptors from the TNFR (tumor necrosis factor receptor) family that include
Fas/CD95 and the TRAIL (TNF-related apoptosis inducing ligand) receptors. Ligand-
induced death receptor trimerization results in the recruitment and activation of
caspase-8 via adaptor proteins such as FADD/TRADD (Fas-associated death
domain/TNFR1-associated death domain) to form a death-inducing signaling complex,

which further propagates death signals in at least 3 ways: (1) by direct proteolysis and
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activation of the effector caspases, (2) by proteolysis of the BH3-only protein Bid,
translocation of tBid to mitochondria and consequent mitochondrial outer-membrane
permeabilization (MOMP) or (3) by activation of the kinases RIP1 (receptor-interacting
protein 1) and JNK (c-Jun N-terminal kinase), that mediate the translocation of tBid to
the lysosome and Bax-dependent lysosomal membrane permeabilization, resulting in
cathepsin B/D-mediated general proteolysis and MOMP [94]. Furthermore, extrinsic
pathway is triggered at the cell surface through.cytokine induced death by receptor
mediated activation of caspase-8 or CaJspase—1O, followed by activation of caspase-3
and caspase-7 [93]. It.propagates death signals«in three directions: to lysosome
membrane permeabilization.«(LMP), 'to ilcaspase—8—dependent activation of effector
caspases, or to BH3-only-dependent MOMP [94]

In the intrinsic pathway; multlple $ensors, including the BH3-only proteins and
p53, react in response ta different stress éondmons or to DNA damage and activate a
signaling cascade conducive to MOMP Th‘e release of intermembrane space proteins
from permeabilized m|tochondr|a aHovvs for the assembly of the apoptosome, a

42k
caspase-activating complex formed by APAT-_-T (apoptotlc protease activating factor 1),

caspase- 9 and cytochrome c, resultmg in the act|vat|on of effector caspases that are

responsible for disma_ﬁtling the cell’s structures. Apoptosis"jnitiated at the mitochondrial
level is tightly regulateéj by the Bcl-2 family of proteins,;which is subclassified into 3
groups: (1) anti-apoptotic smultidomain members (Bcl-2, Bcl-X, and Mcl-1), which
contain four Bcl-2 lhemology domains | (BHA, BH2, BH3 and BH4), (2) pro-apoptotic
multidomain members (such as Bax and Bak),.lacking the BH4 domain and (3)
proapoptotici BH3-0nlys proteins (such. as Bid, Bim and ;Bad). Infrinsic and extrinsic
stimuli can induce the proteolytic cleavage of Bid and translocation of truncated Bid
(tBid) to the mitochondrial membranes where it stimulates MOMP, presumably through
the activation of Bax/Bak channels and other mechanisms [94].

The multiple internal interactions among the Bcl-2 protein family members,
summed to the many pathways that modulate the levels and activity of these proteins,

induce or avoid the execution of mitochondrial apoptosis. Furthermore, intrinsic pathway
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is stimulated by multiple signal transducers and noxious agents that frequently result in
the activation of pro-apoptotic BH3-only proteins from the Bcl-2 family. The rate-limiting
step of the intrinsic pathway is mitochondrial membrane permeabilization resulting in the
release of caspase activators [94] (caspase-9 followed by caspases-3 and -7) [93] and
caspase-independent death effectors from mitochondria [94]. The central players in
both pathways are the caspases (the eysteine dependent, aspartate specific family of
proteases), which also function as the executionerin apoptotic cell death. Regulated at
the post-translational level; caspases, are synthesized as pro-caspases. Under
stimulation of pro-apoptetiessignals.from different sources, pro-caspases are digested
by protease to become .active caslpases. Mitochendrial dynamics contribute
substantially to apoptatic pathways by s‘tirr)_ulation of caspases, and by chromosomal

fragmentation [93]. —
| A

Necrosis .-

Necrotic cell death orhecrosis is méffp_h__o_logically characterized by a gain in cell
volume (oncosis), swelling of o'rga;uslles, ptasr:w; membrane rupture and subsequent
loss of intracellular centents. For a long timé:,-'-ﬁé*-ér‘osis hassbeen considered merely as
an accidental uncohtfdlled form of cell death, but evidénVQ'e is accumulating that the
execution of necrotic Céll death may be finely regulated by a set of signal transduction
pathways and catabolic mechanisms [95].

Under extreme canditions tissues and cells; die through. unregulated processes
of destruction of membranes and cytosol. Among _the agents that can induce necrosis
are various viruses, bacteria, and protozoa, Necrosis can be activated by bacterial
toxins and components of immune defense, such as complement, activated natural
killers, and peritoneal macrophages. The pathogen-induced necrotic programs in cells
of immunological barriers (e.g., intestine mucosa) may alleviate invasion of pathogens
through the surfaces affected by inflammation and, in the case of intracellular

pathogens, to avoid “altruistic” apoptotic suicide that can prevent pathogen

propagation. Recent cytological data indicate that necrotic death occurs not only during



Figure 8. Two major pamways lead to the exeoutlon of ap@tosm [94].
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pathological events, but it is also a component of some physiological processes. For
example, during renewal of the small intestine, both apoptosis and necrosis of
enterocytes contribute to cell loss. Follicular maturation during oogenesis involves, along
with apoptosis, necrotic cell death. Activation-induced death of primary T lymphocytes,
an important constituent of negative selection in immune response, is caspase-
independent and necrotic by morphology [96].

Recent studies have demonstrated that in response to a given death stimulus,
there is often a continuum of-apoptosis gnd necrosis. Many insults induce apoptosis at
lower doses and necrosissat'higher.doses. Even in response to a certain dose of death-
inducing agent, features'of beth apoptosie and necrosis may coexist in the same cell. In
addition, if not engulfed®y neighbogng cells or in cell culture, where phagocytosis does
not usually happen, dead cells in the Iate stages of apeptosis may present necrotic
features due to the loss aof cellular energy a'nd plasma membrane integrity. This process
is called “apoptotic necrosis” or “Se'condar;?’-necrosis” Despite the idea that necrosis is

F

an uncontrolled or default form of CeH death accumulaﬂng studies have suggested that
sLhd

this may not be true. Rather, it appears that necrotlc cell death can be a regulated event

that contributes to development and to the mamtenance of @rganismal homeostasis [97].

The programrﬁed cell necrosis can be a consequenge of extracellular signaling
or can be initiated as arjrc_orm of cellularsuiciden response to intracellular perturbations.
Cell suicide by necrosisfappears to have evolved to allow multicellular organisms to
have an early warning system to recognize and adapt to .events that might compromise
the integrity of the organism as a whale. As such programmed cell pecrosis plays a role
in a Unumber | Off “disease. [processes/ | including | vascular-occlusive disease,
neurodegenerative diseases, infection, inflammatory diseases, exposures to toxins, and
cancer [97]. Furthermore, multiple lines of evidence indicate that necrosis can be a
programmed event, both in its occurrence and in its mechanism: (1) cell death with a
necrotic appearance can contribute to embryonic development and adult tissue
homeostasis, (2) necrotic cell death can be induced by ligands that bind to specific

plasma membrane receptors, and (3) necrosis can be regulated by genetic, epigenetic,
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and pharmacological. Moreover, the inactivation of caspases causes a shift from
apoptosis either to cell death morphologies with mixed necrotic and apoptotic features
or to full-blown necrosis [98].

Recently, the term necroptosis has been used to designate one particular type
of programmed necrosis that depends on the serine/threonine kinase activity of RIP1.
The pharmacological or genetic inhibitioniof several key enzymes has been shown to
deeply affect the execution of programmedsheerosis such as RIP1, cyclophilin D,
poly(ADP-ribose) polymerase=i (PARP—QJ and-apeptosis inducing factor (AIF) [98].

The interface between .apoptasis and pregrammed necrosis (Figure 9),
activation of the serinefthreoning kinase RIP1 (receptor-interacting protein kinase 1),
which can be triggered in /.929 mgrine’,_ fibrosarcoma eells by ligation of the tumor
necrosis factor receptor (FNER) c;r_ ink:i-blition of caspases and NIH 3T3 murine
fibroblasts, TNFR activation ignitesi:the ext-Han;ic apoptotic pathway, which depends on
caspase-8. Caspase-8-mediated: degradatlon of RIP1 may represent one of the major
molecular switches between apopt08|s and n;croptoss Apoptosis and necroptosis may
preferentially involve mltochondrlal outer m;é;ane permeabilization (MOMP) and the

ﬂ -

mitochondrial permeablllty transmon (MPT) [98] Kroemer et a/ [95] and Amaravadi and

Thompson [99] summarlze the specific morphological characterlstlcs key regulators to
apoptosis, and necr05|§__ (Table 2). Furthermore, Core hls_tgnes (H2A, H2B, H3, H4) are
detected in peripheral Bleged mononuclean.cells lysates significant increase when
deprivation of interleukin-2 and carrelated significantly with signs of early apoptosis cell

death [100].
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Table 2. Characteristics of apoptosis, and necrotic cell death [¢
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Poly(ADP-ribose) polymerases (PARPs)

Poly(ADP-ribose) (PAR), the reaction product of the large family of poly(ADP-
ribose) polymerases (PARPs), has been discovered in the 1960s. PARPs use NAD " as a
substrate from which they cleave off nicotinamide and form, via repeated reaction
cycles, a polymer of ADP-ribose units, which can be branched [101]. NAD /NADH is
among the most versatile biomolecules, as it can be used not only as a coenzyme for a
large number of oxidoreduction reactions, but.in its oxidized version can also serve as
substrate for several different of ADP—riEosyl transfer reactions [102]. The main target
proteins (‘acceptors’) are-PARPs themselves, which is referred to as PARP
automodification. Cellular”PAR formatioq is dramatically stimulated after exposure to
DNA-damaging agentsethatsinduce singl!e; or double-strand breaks in DNA. This is
mediated by facilitating@andregulating DNA strand break repair. This kind of induced
PAR formation depends on the dctivation df tJ\'/:vo abundantly expressed members of the
PARP family (PARP-1; PARP-2) :[101]. U@er‘:DNA damage as induced by ionizing
radiation, alkylating agents and orxidants abékut90% of poly(ADP-ribose) is synthesized
by PARP-1 [102]. Under conditirﬁ)‘ns -of geno’gc:;%'r:_r;_jexposure poly(ADP-ribose) undergoes

a rapid turnover, since; in Ebé—fallel with Jthéq_s‘ynthesisr of polymer, its enzymatic

catabolism is highly acive [107].

PARP-1, a 113—}§Da protein, is an abundant nucle?r protein that is present in all
nucleated cells of multi-gellular eukaryote qrganisms. On average, approximately one
molecule of this'enzyme'is present per 1000.base pairs of DNA./PARP-1 is involved in a
variety of physiological and pathological events such as DNA replication, DNA repair,
gene expression,Mcellular differentiation; . chromatin ;decondensation, malignant
transformation, inflammation, developmental aspect and apoptosis [103]. Oxidative-
stress-induced DNA strand breakage triggers the activation of PARP-1, leading to AIF
release from the mitochondria and AlF-mediated, caspase-independent apoptotic cell

death NAD /ATP consumption and consequent necrotic cell death [104].
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Oxidative stress also stimulates activation of redox-sensitive transcription
factors such as NFxB and AP-1, key regulators of inflammatory cytokines and
chemokines. Poly(ADP-ribosyl)ation is also required for the proteasomal degradation of
oxidatively damaged proteins (Figure 10) [104].

PARP is one of the favorite substrates for a large number of suicidal proteases
like caspase, calpain, cathepsin, and granzyme-b. Calpains and cathepsins are known
to mediate both apoptotic and necrotic cellideaths, whereas caspases are implicated
only in apoptotic cell deaths Fhe 89- andJZt—kDa signature fragments correlated with the
activation of caspase-3 and'the presence of apoptotie cell deaths and presence of 50-
kDa fragment correlated with cathepsin—tf and necrotic eell death and the presence of
64-kDa fragment correlatedswith the eIe;(ated levels of granzyme-b [103]. The major
cleavage fragment formyof PARP-1'in necreeis cell is represented by about 55 kDa [105,
106]. : f' ,.

NF-kB Essential Modulator (NEMO I‘kKy

NF-«xB transcription factors are rap|dlé—act|vated in response to various stimuli,

allowing quick activation.of target genes that encode cytekines such as interleukin-1,

interleukin-12, interlre_tjlﬁ—Z, and interferon-g; 'membrah’e; proteins such as major
histocompatibility compﬂtex classes | and II, ICAM-1 (intraeellular adhesion molecule 1),
and E-selectin; transcription. factors such @s c-Myc and IRF4 (interferon-regulatory
factor); inhibitors oft apoptosis suchias ¢-FLIP (cellular FLICE-like inhibitory protein) and
Bcl-XL. This rapid response system depends on the sequestration of, NF-kB dimmers in
the cyteplasm throtghinteraction with inhibitory (kB proteins. Cell'stimulation leads to
kB phosphorylation, thereby creating a recognition signal for ubiquitinating enzymes,
which mark the IkBs for rapid proteasomal degradation. Degradation of IkBs liberates
NF-kB dimers to translocate to the nucleus and activate transcription of target genes
(Figure 11). Phosphorylation is accomplished by protein kinases, whose activity is tightly

controlled and represents the primary mode of NF-xB regulation. Two protein kinases
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with high sequence similarity, 1kB kinase alpha (IKKa) and IKKg, are the most important
B kinases [107, 108].

Both kinases were purified and cloned on the basis of their ability to
phosphorylate kB proteins in response to cell stimulation with tumor necrosis factor a
(TNFa) and are present in cells as part of a high molecular weight complex that also
contains a regulatory subunit termed IKKy or NEMO (NF-kB essential modulator). This
basic trimolecular complex, which may contain@an.additional substrate-targeting subunit
named ELKS, is referred toras-the IKK cgmplex. bespite their similarities and presence
in a common protein complex, [KKe and IKKg haveslargely nonoverlapping functions,
due to different substrat€ specifieities and other factors " IKKp is the major IKK catalytic
subunit for NF-kB activation.y pro—inﬂarrl]matory stimuli, such as TNFa, IL-1, and “Toll-
like” receptor (TLR) agenisis, such as leoponsacchande (LPS). In contrast, kinase
activity of IKKa is primarily reqwred for a‘ctlvatlon of a specific type of NF-xkB dimer
(p52:RelB) in response tofa subset of TNF famlly members, such as BAFF (B cell-
activating factor), CD40-ligand, and Iymphotoxma (LTa)-LTp heterotrimers. Whereas the

IKKB-dependent pathway is essent:al for—tlvatlon of innate immunity, the IKKa-

dependent pathway isymore |mportant for regula‘uon of adaptive immunity and lymphoid

organogenesis [107]

NEMOQ is a 23 lgb gene composed of 10 exons. Tﬁe 48 kDa NEMO protein has
two coiled-coil motifs and 4a, leucine zippen.which are required for dimerization and
protein—protein interactions,c,and a zinc finger at the C-termipus that appears to be
necessary for post-translational stability. It has alse . been shown that the C-terminus of
NEMO fis indispensable (for function.! NEMQ'is the regulatory component of kB kinase
(IKK), a central activator of the NF-kB transcriptional signaling pathway. In response to
various cytokines, IKK phosphorylates the inhibitory kB molecules, which sequester
NF-kB in the cytoplasm. The removal of kB allows NF-«xB to translocate into the nucleus
and activate transcription of various genes. Through this mechanism, NF-kB regulates
immune and inflammatory responses, and prevents apoptosis in response to TNF-a.

Therefore, NEMO mutations eliminate NF-kB activity and cause potentially widespread
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disruption of downstream cellular responses, although the exact downstream effects are
only now being elucidated. With respect to IP, loss-of-function mutationsin NEMO create
a susceptibility to cellular apoptosis in response to TNF-a. This phenomenon explains
the male lethality and skewing of X-inactivation in female patients [109].
NEMO interacts with IKK subunits through the N-terminal part of its CCH1,
in provides a binding site for Tax or RIP. In
m inimal oligomerization domain of the
\&KK activation in response to TNF,

The gene encoding NEMO is

whereas the C-terminal part of this

addition, the CC2/LZ part of N
molecule. Finally, the NEM
LPS or IL-110 although i
located on the X chr ~and Haemophilia Factor VI
genes are also pre ed with any other genes
encoding known mole NE o will be discussed below in
more details, it has a major i : 'ﬂ Ime 7 . Besides the NEMO-dependent

pathway of IKK activation it s' sently demonstrated that IKK activation can

also be triggered by an altegnati at, ires the upstream kinase NIK and
Jlx‘
IKK-1 but neither NEMO nor IKKTEEE%; th which plays an important role in B cell
= |-I_,|", j,-' o e
development and @‘neostass does 1Ifrrg’p‘ﬁ‘ut induces instead p100
processing to releasg active ps0/re , man NEMO gene maps to

ximal G—@’D gene [18].

ﬂUEJ’W]EW]‘ﬁ‘WEJ']ﬂ‘ﬁ
ammmmwnwmaﬂ

Xg28 and is arranged Qad to hea



54

Figure 11. A schematic model of N
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Glucose-6-phosphate dehydrogenase (G-6-PD)

G-6-PD catalyses the first reaction in the pentose phosphate pathway, in which
glucose is converted into the pentose sugars required for glycolysis and for various
biosynthetic reactions. The pentose phosphate pathway also provides reducing power
in the form of NADPH (Figure 12), by the action of G-6-PD and 6-phosphogluconate
dehydrogenase. NADPH serves as an electron donor for many enzymatic reactions
essential in biosynthetic pathways, and its production is crucial to the protection of cells
from oxidative stress [13]. G-6-PD is alsg necessary-to regenerate the reduced form of
glutathione that is produced with .one molecule~of NADPH. The reduced form of
glutathione is essential fer theseduction gf hydrogen peroxide and oxygen radicals and
the maintenance of hagmoglebia and othle.r’r_ed—blood—cell proteins in the reduced state.
G-6-PD is present in all gellsyhowever, itsnkgcgncentration varies in different tissues. Since
red blood cells do not contain mitbchondl:‘f_‘ial,; the pentose phosphate pathway is their
only source of NADPH; therefore; d:efencé'-:égainst oxidative damage is dependent on
G-6-PD. In healthy red blood cellrs',"the enfjaTg operates at only 1-2% of its maximum
potential (even under oxidative éireés gener}a:i;:_t;_;by methylene blue): a large reserve of

reductive potential exists; which is substaﬁti'éﬂ*fdecreased in G-6-PD-deficient red-

blood cells, Ieading_;'tF pathophysiological features. Af{ér G-6-PD deficiency was
established as a clirj‘ir_cal disorder, its phenotypic egpression was noted to be
heterogeneous. More than.140 mutations of sthe G-6-PD gene have been identified,
suggesting genetic heterogeneity [13].

G-6-PD deficiency is an X-linked, hereditary genetic defect caused by mutations
in the G-6-PL genejrésulting in protein variants with different levels of enzyme activity,
that are associated with a wide range of biochemical and clinical phenotypes. The most
common clinical manifestations are neonatal jaundice and acute haemolytic anaemia,
which in most patients is triggered by an exogenous agent. The striking similarity
between the areas where G-6-PD deficiency is common and Plasmodium falciparum
malaria is endemic provides circumstantial evidence that G-6-PD deficiency confers

resistance against malaria [13].
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The highest frequencies are detected in Africa, Asia, the Mediterranean region,
and in the middle east; owing to recent migrations, however, the disorder is also found
in North and South America and in northern European countries. G-6-PD deficiency is
the most common human enzyme defect, present in more than 400 million people

worldwide [13].

The relationship of NAD" / NADH and NADP" / NADPH
NAD, including nieetinamide adening _dinucleotide (NAD") and reduced
-
nicotinamide adenine dinucleotide (NADH), have been long known as key molecules in

energy metabolism andsmitochondrial functions. NADP, including nicotinamide adenine
]
dinucleotide phosphate (NADR™) and reduced nicotinamide adenine dinucleotide

phosphate (NADPH), have /been known;és critical molecules in antioxidation and
reductive biosynthesis. Howeven, a:rapidlﬁgarrbvving pbody of information has suggested
that NAD and NADP also play crucial roIéé:iirr-‘various biological processes, including
calcium homeostasis, gene expres'sibn, imrﬁ@%_blc_)gical functions and aging [111].

oy

There are several poténtial meoh*ayféfns underlying the roles of NAD in

o

apoptosis: 1) NADH # NAD+ ra:ti—c')’-i-s a major iﬁdéi_c;f cellularreducing power that affects

mitochondrial permé&_%biTty transition (MPT), which medi’q[és apoptosis under many
conditions; 2) NAD prlgays a Key role in energy metejbolism that is a key factor
determining cell death medes; 3) NAD+—dependent sirtuins may mediate apoptosis; and
4) NAD" levels significantly. affect“the activity 'of ‘caspase-dependent endonuclease
[111].

Due 1o thejeritical roles of |oxidative istress lin|cell-death/"NAD Imay affect cell
survival by influencing oxidative stress and antioxidation systems in cells: 1) NAD" can
be converted by NAD kinases to NADP’, the precursor for NADPH formation;
2) NADH / NAD' ratio is an index of cellular reducing potential, since the redox couple
plays key roles in numerous redox reactions; 3) some studies have suggested that
NADH can produce direct antioxidation effects; 4) NAD" can inhibit ROS generation

from a-ketoglutarate dehydrogenase and pyruvate dehydrogenase. It is noteworthy that
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excessive intracellular NADH can produce “reductive stress”, which may result from the
capacity of xanthine oxidase / xanthine dehydrogenase to generate ROS by oxidizing
NADH, or from the capacity of NADH to induce release of ferrous iron from ferritin [111].

NADPH is a key factor in cellular antioxidation through the following
mechanisms: 1) GSH is essential for the functions of such key antioxidation enzymes as
glutathione peroxidase, while NADPH is required for regeneration of GSH from GSSG;
2) NADPH is a key component in another important antioxidation system such as
thioredoxin system; 3) in some cell typegsuoh as-red cells NADPH binds the important
H,O,-disposing enzyme.eatalase, .which can reactivate catalase when catalase is
inactivated by H,O,. NAD and NADP play critical roles"in cell death, which can affect
cell survival through several pathvvays (Flgure 13).

NAD" biosynthesis plays a centraL role in the metabolism of NAD and NADP,
because NAD' is necessary for the generaﬂon of NADH, NADP", and NADPH. There are
two major mechanisms by, which: NADP Can be formed: NADP" can be generated de
novo from NAD" through the actlon of NAD kmases (NADKs); and NADP" can also be

22 b

formed from NADPH by mult|ple NADPHH:?pendent enzymes such as glutathione

reductase. There are also two maJor mechams-ms Py whichNADPH can be formed: The

first is that NADPH is generated from NADH and NADP by mitochondrial
transhydrogenase; and the second is that NADPH is generated from NADP" by multiple
NADP -dependent enzymesgaln cytosol, NADP; is generated from NAD" by NAD" kinase
(NADK). NADPH [.can| be generated from NADPT by glucose-6-phosphate
dehydrogenase (G-6-PD), 6-glyconate phosphate..dehydrogenase (6-GPD), cytosolic
NADP+-dependent isocitrate dehydrogenase (IDPc),  ar cytosolic NADP+—dependent
malic enzymes (MEPc). In mitochondria, NADP" is generated from NAD" by NAD'
kinase, and NADPH can be generated from NADP" by mitochondrial NADP -dependent
isocitrate dehydrogenase (IDPm), mitochondrial NADP -dependent malic enzymes

(MEPm), or mitochondrial transhydrogenase (TH) (Figure 14) [112].
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Figure 13. The pathway® frofh NAD isGforms to ellic o shown [111].
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Furthermore, novel paradigm for the metabolism of NAD and NADP, which
consists of the following major concepts: 1) NAD and NADP can be metabolized by
many enzymes to generate multiple bioactive molecules, such as cyclic ADP-ribose,
ADP-ribose, poly (ADP-ribose), NAADP, and O-acetyl-ADP-ribose; 2) there are
NAD+—synthesizing and NAD+—catabo|izing enzymes in not only the nucleus, but also in
other subcellular organelles including 'the, Golgi complex and mitochondria; third,
extracellular NAD" can be metabolized by./suchsecto-enzymes as CD38 to produce
biological effects; and NAD+—synthesirzing precesses might also be catalyzed
extracellular; 4) NAD cansee transported across the plasma membranes of certain cell
types; 5) there are clese int€ractions among the key enzymes in NAD and NADP
metabolism,such as the'interactions betvvleen NMNAT-1"and PARP-1; and sixth, at least
in yeast there are suchgnovel metabolic pat.hways of NAD and NADP as the pathways
mediated by NADH kinase and acetaldehyde dehydrogenase [112].

NAD" can be generated from the salvage pathway using nicotinic acid
mononucleotide (NaMN) or mcotmarmde mononJchIeoUde (NMN) as precursors, or from
the de novo pathway usmg qumol:n:o émd (QA) as the precursor. Through

NAD -dependent dehydrogenases poly(ADP nbose) polymerases (PARPs), sirtuins,

ADP-ribosyl cyclases (ARCS) and mono(ADP nbosyl)transferases (ARTs), NAD" can
significantly affect mitochondrial function, energy metabolism, calcium homeostasis,
gene expression, aging, ‘ang.cell death. NADH can be generated from NAD" by NAD-
dependent dehydrogenases; which is used by the electron transport chain (ETC) or
NADH oxidases. NADH can significantly affect mitochondrial , function, energy
metabolism, 'Oxidative ‘stress, calcium homeastasis,! and gene expression. NADP" can
be generated from NAD" by NAD" kinases (NADK), which can be used for NADPH
generation through glucose-6-phosphate dehydrogenase (G-6-PD), 6-glyconate
phosphate dehydrogenase (6GPDH), NADP+—dependent isocitrate dehydrogenases
(IDPs), NADP-dependent malic enzymes (MEPs), and transhydrogenase (TH). NADPH
can be used by glutathione reductase, NADPH oxidase, and other NADPH-dependent

enzymes to mediate antioxidation, ROS generation, and reductive synthesis.
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NADP could also be used by ADP-ribosyl cyclases (ARCs) to generate NAADP that can

mobilize intracellular Ca” stores (Figure 15) [112].
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CHAPTER IlI
MATERIALS AND METHODS

1. Cell line isolation and Maintenance

The human hepatocellular cancer cell line HepG2 was obtained from the
American Type Culture collection (Mapassas, VA). HepG2 cells were isolated as
previously described [113]. Minimal essential medium (MEM) was obtained from
Invitrogen (Carlsbad, CA). HepG2 cells were‘maintained in MEM supplemented with 5%
FBS from Invitrogen (Carlsbad; CA), 1‘;% Non-Essential Amino Acid from Invitrogen
(Carlsbad, CA) and 0.5%E-Glutamine frqm Invitrogen (Carlsbad, CA). All cells used for
experiments were lessgthans20 passaglg numbers, due to concern for phenotypic
changes. The 100-mm stock platesrvveré;:}vashed once with 10 ml phosphate buffer
saline (PBS). One ml of 1x trypsin-EDTA sl:‘pld;[ion (0.05% trypsin, 0.53 mM EDTA .4Na,
Invitrogen, Carlsbad, CA) was adding-in th!e:?pla’[e for the brief coverage on the surface.
The solution was removed and pla'té- was ii’rr{;i:_lﬂbgted at 37°C for 10 minutes. Five ml of
complete medium was added téstép the tryééﬁEDTA reaction. The stock plates were

o

seeded in 100-mm -dishes at:—d’é-nsity about 3% 10° cells« Typically, cells were sub-

cultured when reached 70-80% confluence and subeultiifed at about initial density.

2. Chemical treatments
The cells were then seeded at a density of 4.5 x 10% gells on 60-mm dishes, and

they were utilized for chemical exposure after culturing overnight.

Cadmium chioride hemi(pentahydrate) (CACL, * 2'5H,0) from Sigmd (St.Luis, MO) stock

solutions'were dissolved in water.

3. Measurement the effect of insulin to cadmium effect

The cells were then seeded at a density of 4.5 x 10° cells on 60-mm dishes, and
they were utilized for chemical exposure after culturing overnight. The cells were then
washed with PBS, and replacement with serum-free medium 48 hours. The cells were

then washed with PBS and replacement with serum-free medium and pre-treated with
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insulin 20 mU/ml and 2,000 mU/ml (Eli lilly, Indianapolis, IN) 24 hours following with

cadmium 24 hours.

4. Total RNA isolation

All RNA samples were purified by the Trizol™ reagent from Invitrogen (Carlsbad,
CA). For attached cells, Trizol™ reagent, was added directly to the aspirated tissue
6-well plate (0.5 ml per well). The solution was mixed by pipetting for several times and
incubated at ambient temperature for 5 minut€s«#The mixture was transferred to a 1.5-ml
microcentrifuge tube. Chlorcform (O.2mI)Jwas added and mixture was shaken vigorously
for 15 seconds and rested .at .room tlemperature for 3 minutes. To separate the
CHCI,/H,O phases, the iube was centrn‘ugled in refrigerated centrifuge at 12,000 g for 15
minutes at 4°C. The upper phase (water phase or clear phase) was transferred into a
new tube. Isopropanol (0.6 ml) was added to precipitate RNA. The tube was kept at -
20°C for 20 minute before gentrifuged at 130@0 g for 15 minutes at 4°C. At this point,
RNA pellet can be observed. The eupernat[aﬁt was removed. The pellet was washed

once with one ml of 70% ethanol Ethanol seﬁﬂon was removed by pipetting and pellet

was air-dried for 10, minutes at ambient témb‘erature. RNA pellet was dissolved in

RNase-free DNase—freté DEPC-treated water (20-40 ul).%‘(}bncentration of RNA was
determined by UV—speetrophotometry (1 OD of RNA solution = 40 pg/ml). All RNA

sample were stored at -80°C,

5. Reverse transcription
Five micrograms of total' RNA was reversertranscribed by fandom hexamer with
Super-scrip |l reverse transcriptase (Life Technologies, Inc.). For cDNA synthesis, the

reactions were carried out by adding the following components;

Random hexamer (250 ng/ul) 1 ul
Total RNA (50 pg) a ul
H,0 11-a l

The mixture was incubated at 70°C in a PCR machine for 10 minutes and chilled on ice

immediately for 3 minutes. The following component was added into the tube:



66

5 x first strand buffer (Gibco, BRL) 4 pl
0.1 MDTT 2 ul
10 mM dNTP mix 1 pl

After the mixture was incubated at room temperature for 10 minutes. It was
further incubated in PCR machine at 42°C for two minutes. Super-script |l reverse

W

transcriptase from Invitrogen (200 un ts dded and the reactions were carried on at

42°C for 50 minutes, followed t inactivation step at 70°C. The DNA

was stored at -20°C

/
6. Polymerase chain ra/

Polymerase c

manufacturer’'s recomm it ief eaction contains:
10 x PCR buffer ( 5 ul
2 mM dNTP mixtur s - 5 ul
FJ".I‘ {4
50 mM MgCl, aEEhy ¥ 2 ul
Primer mix (10 uM each) =— 2 pl
L oA T
Template Dl}l[)ﬁ(cDNA from RT) ul
Taq DNA polyrier 5 ol
H,O to E 50 ul

Reactions were performed in the 0.5:ml thin wall tubes (Corning Inc., Corning,

1 by e uhﬂ 91 842 Y VT IR ARGt crcer @omera T

Gradient. Germ y) at 94°C for 2 minutes to Cogpletely denatur@_‘,the template. The

o R B VAR B omrn o

primers Lised.
Denature 94°C for 20 s
Annealing 63°C for 20 s
Extension 72°C for20's

The reactions were carried out for an additional 10 minutes at 72°C and maintained at

4°C. PCR products were dissolved in 1.5% agarose in 1 x TAE buffer and detected by
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ethidium bromide staining. Intensity of bands were determined by densitometric analysis

and normalized to GAPDH bands.

The specific primer pairs used were:

Glyceraldehyde 3-phosphate dehydrogenase (GAPDH): product size 958 bp;
forward primer, 5'- TGA AGG TCG GAG TCA ACG GAT TTG GT -3' and
reverse primer, 5'- CAT GTG GGC CAT GAG/GFC.CAC CAC -3';

-

Glucose-6-phosphate dehydrogenase (G-6-PD): produet size 187 bp;
forward primer, 5'- GARGCCIHTC CAT CAG TCG GA -3"and

1
reverse primer, 5'- GCRCAGTCT GI'T TGC GGA TG -3

NF-kB essential modulatar (NEl\/lO):- produé_t size 870.bp;

forward primer, 5'- ACG TAC TGG GCG AA_G-"AGT CTC C-3'and
v a1

reverse primer, 5'- GAC GTCACC TGEG GC'ﬁT_f'FC, AC-3'.

s s Jd
el

u oy
gl

7. Measurement of cell viability

Cell viability -W:éS measured by the MTS colorimetr}t‘_:_-,assay (Promega, Madison,
WI), which is based orj_ the conversion of the terazoliunj salt to the colored product,
formazan. A solution of 3-(4,5-dimethylthiazel;2-yl)-5- (3-carboxymethoxyphenyl) -2-(4-
sulfophenyl)-2Htetrazolium, .inert salt (MTS) . was ‘prepared (2mg/ml in PBS 0.02 M, pH
7.2) and stored“at -20°C. Phenazine methosulfate (PMS, 0.92 mg/ml) was similarly
prepared in/FBS (0:02'M, pH 7.2) and stared at -20°C. Cells were Suspended in MEM at
a 2 x 10° cells/ml. A 100 ul of HepG2 cells suspension were then seeded on to two
96-well plates. After being cultured overnight. At the end of designated exposure time,
the medium was removed and add PBS 100 ul. The entire plate was incubated at 37°C
for 1 hour and A490 nm was measured by microplate reader (Biohit, Finland).
Treatments were performed in triplicate. Percent cell viability was expressed as follows:

A /A

exp group control

x100 [114].
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8. Protein quatification by MicroBCA

The assay was performed by MicroBCA assay kit (Pierce Biotechnology,
Rockford, IL). A standard curve was calculated by the following protocol. Bovine serum
albumin (BSA) standard solution (2 mg/ml) was diluted with water to 200, 400, 600, 800
and 1000 pg/ml. Each dilution 10 ul was pipetted into a flat-bottom well microtitre plate
(Corning, Lowell, MA) containing 90 pl of dH:O¢in.duplicate. For sample determination,
10 wl of protein sample was-added in duelicate into.the plate with 90 ul of dH,O. At least
two dilutions of samples wererincluding ensuring the.sample is in the range of standard
curve. Typically, 1:2 ana#™1 Qwere used, The working reagent was prepared by mixing
50 parts of Reagent Ag48 parts of Reagl‘_er}_t B and 2 part of Reagent C 100 pl of the
working solution was added to each well é_nld the plate was sealed by Saran Wrap and
incubated at 60°C for 604minLtes in the Hﬁyb?idization oven. Plate was cooled down at
room temperature for 10 minutes and the-‘--'A562 nm was measured by a microplate
reader (Biohit, Finland). “
9. Western Blotting S

After treatment Wit cadmitm, cells Were washied twice with cold PBS and lysed
with Lysis buffer (30 mM| Tris HCI, pH 6.8; 10 mg/ml'SDS; 1mM EDTA; 1ug/ml leupeptin;
Tug/ml aprotinin; 1mMﬁ PMSF; 1pg/ml pepstatin A, 1rﬁM Na,vVO,; 1mM NaF; 1TmM
Benzamidine) (250 jul for 60 mm'dish) on ice for'5 minutes{ After sonication five times at
130 W, 40% output for 5 sec each_and wait 5 sec each, the insoluble material was
removéd by centrifugationat 12,000 x g for 10 minutesion ice. Thesprotein concentration
of clear lysate was determined by MicroBCA method (Pierce Biotechnology, Rockford,
IL). Sample resolved on 15% polyacrylamide gel at 70 volts were subjected to electro-
transferred by wet transfer technique onto Immobilon-P membrane (Millipore, Bedford,
MA) in 1 x transfer buffer (25 mM Tris HCI; 192 mM glycine; 10% methanol; 0.01% SDS).
The process was carried out for 90 minutes on ice, using constant voltage at 100 V. For
immunodetection of the proteins, membrane was blocked by 3% BSA (PAA

Laboratories) in PBST buffer (10mM sodium phosphate pH 7.2; 0.9% NaCl; 0.05%



69

Tween®—20) for overnight at 4°C. The blot was incubated for two hours at room
temperature or overnight at 4°C with primary antibody (Table 3) diluted in 1% BSA in
PBST buffer. The membrane was washed tree times with PBST for five minutes each and
incubated for two hours at room temperature with a Cy3-Linked goat anti-mouse 1gG

and Cy5-Linked goat anti-rabbit IgG (GE Healthcare, Buckinghamshire, UK) were used

eded to be re-probed. The

membrane was briefl \\e‘ bated in Restore Plus Western Blot

Stripping Buffer (Pi *n s for 5-15 minutes at room

as secondary antibody diluted in PBST . The blot was washed five times with PBST

for five minutes each. The f of proteins by Ettan DIGE Imager

.—Jﬁ

(GE Healthcare, Buckingh 7
—

In some experi

temperature. The mem ‘ BS for five minutes each. After

that, the membrane was \ buffer and subjected to incubate

with the primary antibody.
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GAPDH (MW 38 kDa)

B-actin (MW 43 kDa)

LDHA (MW 36 kDa)

Histone H2B (MW 14, 12 kDa)

PARP-1 (MW 118, 85, ~55 kDa)

IKKy (MW 48 kDa)

Concentration i m Company Product No.
0.2 pg/ml _ ﬂm\\ a Cruz Biotech (Santa Cruz, CA) sc-32233
10pgml / ‘j{é&\\'\t\ \ (St.Luis, MO) A-1978

1:1000 I ng Technology (Danvers, MA) #3582
1:1000 Il X MONC \\\ ling Technology (Danvers, MA) #2934
0.2 pg/mi ,. , W\ ruz Biotech (Santa Cruz, CA). sc-7150

& : ‘ sc-8330

0.2 pg/mi abbit polyclons anta Cruz Biotech (Santa Cruz, CA).
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10. Determination of PARP cleavage

To determine apoptosis and necrosis induced by cadmium, the extent of poly
(ADP-ribose) polymerase-1 (PARP-1) cleavage was investigated. Cell lysates were
prepared in lysis buffer contain 6 M urea. Protein concentrations were determined by
MicroBCA method, according to the manufacturer's recommendation. Lysates
equivalent to 90 ng proteins were separated in 10% SDS-PAGE and transferred onto
Immobilon-P  membrane (Millipore). Protein” expression of PARP-1 cleavage was
incubated for overnight at 4°C with 0.2 ug/ml rabbit pelyclonal anti-PARP (sc-7150) from
Santa Cruz Biotech (Santa.Cruz, CA) and p-actin (use.as internal control) was incubated
for overnight at 4°C withe?"0 wd/ml mouse monoclonal anti-B-actin (A-1978) from Sigma
(St.Luis, MO) diluted in#% BSA¢in PBST lbujfer. The membrane was washed tree times
with PBST for five minutes each and }rlcub:at.ed for two hours at room temperature with a
Cy3-Linked goat anti-mouse 1I0G aﬁd Cyél"_Lined goat anti-rabbit IgG (GE Healthcare,
Buckinghamshire, UK) were used as seccl_ﬁdary antibody diluted in PBST buffer. The
blot was washed five times with PBS*T for fi;'}ét"_miputes each. The fluorescence bands of
proteins by Ettan DIGE -"I'-ma-ger (G%?ﬂealthcare, Buckinghamshire, UK).
Full-length PARP-1 bads 118 kDa, Sleavage PARP-1 bands85, 55 kDa.

11. Statistical analysis‘ and Data presentation

Experiments wére performed in at least triplic;ate experiment manner and
repeated at least twice' The results'were showed as.mean |SEM as indicated. Student
two-tailed t-testiwas used to test the significance. P<0.05 was determined as the
significance - All statistical lahalyses were performed using” SPSS version 11.5 and
graphic fllustration was performed using Microsoft Excel 2003". Densitometric analyses
of protein expression performed by western blot were determined by Scion Image

Software for window v. 4.0.3.2.



CHAPTER IV
RESULTS

1. The dose effect of cadmium on HepG2 cells.
1.1 Determination of G-6-PD mRNA expression by cadmium

To investigate the role of cadmium to G-6-PD mRNA expression. The G-6-PD

mRNA expression level was ir > epG2 cells-treated with cadmium.
The G-6-PD mRNA expressior . . ultivated in the presence of cadmium
4 fold) (Figure 16). This result

R (P~
}\

vy cadmium.
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A) Cadmium Concentration (M)

0 0.5 1.0 5.0 10.0

G-6-PD

GAPDH

G-6-PD mRNA expression (fold)

‘e v
Figure 16. Eﬁeﬂoucﬂugom&n@w(qgsg}n @pGZ cells.
HepG2 cell Was%]ultivated in MEM forovernight, as.described in materials and methods.
Cell war%ﬂvacﬁjﬂr@moﬁ%n’oﬂ(@w E:IZIZ]@rSHotaI MRNA was
isolated and G-6-PD mRNA expression was determined by reverse transcriptase PCR.
A) Upper panel shows the G-6-PD mRNA expression by reverse transcriptase PCR

analysis. Lower panel show GAPDH mRNA expression as an internal control. B) Relative

density of G-6-PD mRNA normalized to GAPDH mRNA.
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1.2 Determination of NEMO mRNA expression by cadmium

To investigate the role of cadmium to NEMO mRNA expression. The NEMO
MRNA expression level was investigated in HepG2 cells-treated with cadmium.
The NEMO mRNA expression in HepG2 cells cultivated in the presence of cadmium

become lower than in the absence of cadmium (Figure 17). This result indicated that

NEMO mRNA expression was reduced by cadmium.
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A) Cadmium Concentration (uUM)

0 0.5 1.0 5.0 10.0

NEMO

GAPDH

NEMO mRNA expression (fold)

Cadmium (uM)

AUYANYNTNYINS

Figure 17. Effecﬂ)f cadmium on NEMO mRNA ex&ession in Hep(%‘pells.

HepG%le’iLﬂa@ﬂ @W %r%qu’aesq%’iﬂnae%ls and methods.
Cell was treated with cadmium 0.5, 1.0, 5.0, and 10.0 uM for 24 hours. Total MRNA was
isolated and NEMO mRNA expression was determined by reverse transcriptase PCR.
A) Upper panel shows the NEMO mRNA expression by reverse transcriptase PCR
analysis. Lower panel show GAPDH mRNA expression as an internal control. B) Relative

density of G-6-PD mRNA normalized to GAPDH mRNA.
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1.3 Determination of HepG2 cells viability by cadmium

Cadmium induced hepatic cell death depend on dose [59]. IC,, (inhibitory
concentration 50) is the concentration of the concerned drug that will inhibit the
concerned activity of a biological system. The IC,, of cadmium was determined by

examining the HepG2 cell viability, the MTS assay was a measured of mitochondrial

(Figure 18).
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Figure 18. Effect of cadmium 3
L ,
HepG2 cell was cultivated ir f.—f Fovern described in materials and methods.

g

Cell was treated with_cadmi M) for 24 hours. The cell viability

3
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1.4 Determination of NEMO protein expression by cadmium

After cell viability experiment, cadmium induced cell death in dose dependent
manner. To investigate the role of cadmium to NEMO protein (48 kDa) expression.
NEMO protein expression was investigated HepG2 cells-treated with cadmium. The
NEMO protein expression in HepG2 cells cultivated in the presence of cadmium

become similar in absence of Cadmi N

protein expression was not affected by ¢a :owever, the GAPDH protein (38 kDa)

f cadmium become lower than in

igure 19). This result indicated that NEMO

the absence of cadmiu PDH protein expression may was

reduced by cadmium.

9
U
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Cadmium Concentration (uM)

marker 0 2.5 5.0 7.5 10.0 25.0

NEMO

49 kDa p-actin

GAPDH

Figure 19. Effect of cadmium.en NEMO protein expression in HepG2 cells.

HepG2 cell was cultivated inMEM, for overnight, as described in materials and methods.
Cell was treated with cadmium® 2.5, 5.0, 7.5, 10.0, and 25.0 uM for 48 hours. Total
protein was isolated and¢/GAPDH proteiniexpression was determined by western blot
analysis. A) Upper panel show NEMO protein (48 kDa) expression and lower panel
shows the GAPDH protein (38 kDa) expression by western blot analysis. Medial panel

show p-actin protein (43 kDa) expression-as an internal control.
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1.5 Determination of GAPDH protein expression by cadmium

Cadmium induced cell death in dose dependent manner and may reduced
GAPDH protein expression. In most tissues 80-90% of glucose oxidation is via glycolysis
pathway [22]. NADH is reduced by cadmium [35]. Therefore, GAPDH protein
expression level was investigated HepG2 cells-treated with cadmium. The GAPDH

protein (38 kDa) expression was. ased when increasing cadmium dose

(from 0-200 uM) (Figure 20A). The mea P protein expression in control group
was significantly higher than in eadmium- ups (p<0.01) (Figure 20B). This

result indicated that G " reduced by cadmium in a dose-

dependent manner.
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A Cadmium Concentration (uM)

marker 0 6.25 125 25.0 50.0 100.0 200.0

48 kDa B-actin

34 KDa GAPDH
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T:_'f":‘- # #
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0.00 ’ 6.25 12.50 25.00 50:0 0 100.00 200.00
Cadmium (M)

Figure 20. Effect of cadmium on' GAPDH protein expression in HepG2 cells.

HepG2 cell was eultivated in MEM for.overnight, as described in materials and methods.
Cell was treated with eadmiumi(ranging from 0-200 uM) far 24 houfs. Total protein was
isolated 'and GAPDH protein expression was determined by western blot analysis. A)
Lower panel shows the GAPDH protein (38 kDa) expression by western blot analysis.
Upper panel show g-actin protein (43 kDa) expression as an internal control. B) Relative

density of GAPDH protein normalized with p-actin.

#p<0.01 when compared with control.
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1.6 Determination of LDHA protein expression by cadmium

GAPDH and LDH have functional interaction that can affect NAD'/NADH and
glycolysis in living cells [115]. The LDHA protein expression was investigated HepG2
cells-treated with cadmium. The LDHA protein (36 kDa) expression was decreased
when increasing cadmium dose (from 0-200 uM) (Figure 21A). The mean LDHA protein

expression in control group was significantly higher than in cadmium-treated groups
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A Cadmium Concentration (uM)

marker 0 6.25 125 250 50.0 100.0 200.0

46 kDa p-actin

GAPDH

30 kDa LDHA
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Figure 21. Effect of cadmium on LDHA protein expression in HepG2 cells.

Experiment was carried out as described in Figure 20. Total protgin was isolated and
LDHA protein expression was|determined /by western 'blot analysis.®A) Lower panel
shows the LDHA protein (red bands, 36 kDa) and medial panel shows the GAPDH
protein (38 kDa) expression by western blot analysis. Upper panel show p-actin protein
(green bands, 43 kDa) expression as an internal control. B) Relative density of LDHA

protein normalized with g-actin.

%
p<0.05, #p<0.01 when compare with control.
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1.7 Determination of histone H2B truncation by cadmium

GAPDH and LDHA are a necessary component for the proper functioning of
Oct-1 coactivator and OCA-S, that is essential for S-phase-dependent histone H2B
transcription in cells [33]. Transcription from the histone H2B gene requires Oct-1 and
OCA-S, a multi-subunit complex that contains the NAD(H)-linked classical GAPDH and

LDH [81]. Cleavage histone H2B fo H2B; ~12 kDa) and full length histone H2B

protein (H2B; 14 kDa) expr estigated HepG2 cells-treated with
cadmium. The ratio of clea gth histone H2B protein level (g-
H2B:H2B) was increase asi c im-dose (from 0-200 puM) (Figure 22A).
The mean ratio of cle | ‘ 1 histone H2B protein level (-
H2B:H2B) in control _ . \ 0 in cadmium-treated groups
(p<0.01) (Figure 22B). _indig admium induced histone H2B

truncation in a dose-dep
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A) Cadmium Concentration (uM)

marker 0 6.256 125 250 50.0 100.0 200.0

48 kDa

17 kDa

7 kDa

2,50

Relative density of q-H2B:H2B
_

0.50 -

0.00

0.00 6.25 12.50 25.00 50.00 100.00 200.00

Cadmium (kL)

Figure 22. Cadmium-induced histone ,H2B truncation

Experiment was cariied| out asydescribed “in Figure: 20. [Total protein‘was isolated and
both of cleavage histone H2B (g-H2B) and full length histone H2B (H2B) protein level
protein expression was determined by western blot analysis. A) Lowest panel shows the
g-H2B (12 kDa) and medial panel shows the H2B (14 kDa) expressions by western blot
analysis. Upper panel show g-actin protein (43 kDa) expression as an internal control. B)

Ratio density of g-H2B and H2B.

#p<0.01 when compared with control.
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1.8 Determination of type of cells death by cadmium

Cadmium induces either apoptosis or necrosis depending on the cadmium
concentration [116, 117]. High levels of GAPDH in cancer cells are at least partially a
reflection of elevated glycolysis. GAPDH gene expression is increased in all human
cancer tissues such as hepatocarcinoma cell line [24]. Furthermore, Karaczyn et al.

[34] reported that the histone H2 tion do not concur with apoptosis. This

experiment was to investigat ath in the response to cadmium on

HepG2 cells. At high-do uced HepG2 cells necrosis, as
seen of cleaved PARP study of the major cleavage
fragment form of PA d by about 55 kDa [105, 106].
This data indicated ce HepG2 cells death by

necrosis (Figure 23).
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Cadmium Concentration (uM)

marker O 6.25 125 25.0 50.0 100.0 200.0

PARP-118 kDa

80 kDa PARP-85 kDa

PARP-55 kDa
p-actin

58 kDa
46 kDa

!
Figure 23. Cadmium-ianARP-1 cle\'\'avage

L.

Experiment was carried out as 'e;sé[lbeé‘_'ifn material and methods. Total protein was

isolated and both of cleavage PARP-1 %@d‘ full length PARP-1 protein level protein
dd

expression was determinediby @st@nh blotanalysis. Highest panel shows the full length

# F.
PARP-1 (red bands, 118 kDa), second paﬁgi‘.ghows the cleavage PARP-1 (red bands,

85 kDa), and third panel showsJ’thi:é;c'leava-f RP-1 (red bands, 55 kDa) expressions

T e
by western blot analysis. Lowest panel show B-actin pr(’)fein (green bands, 43 kDa)
A .

. . R — -
expression as an mter?r control. Y}
- A o

A A
L -
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2. Time course of necrosis induction by cadmium.
2.1 Determination of exposure times of cadmium on HepG2 cells viability
Cadmium-induced cell death by necrotic show a biphasic elevation at 12 hour
and peaked at 48 hour [118]. The MTS assay was a measured of mitochondrial
dehydrogenase activity in HepG2 cells. Cell viability was investigated HepG2 cells-

treated with cadmium 25 pM for various exposure times. The cells viability was
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Figure 24. Effect of various e 1r' : ‘ HepG2 cells viability
i s described in materials and methods.
Cell was treated with cadmium: 251l , e times 0-60 hours. The cell viability

was determined by \ &;:n;;‘.w** ;_,.? trol as 100 percent;

* # H
p<0.05, p<0.01 i omp
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2.2 Determination of exposure times of cadmium on GAPDH protein expression
In most tissues 80-90% of glucose oxidation is via glycolysis pathway [22].
NADH is reduced by cadmium [35]. Therefore, GAPDH protein expression was
investigated HepG2 cells-treated with cadmium 25 pM for various exposure times.
The GAPDH protein (38 kDa) expression was decreased when increasing exposure

times (from 0-60 hours) (Figure 25A). The mean GAPDH protein expression in control

of exposure times (p<0.0 indicated that GAPDH protein

expression was reduce in expos -. pendent manner.

9
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Exposure Time (hour)
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Figure 25. Effect{ofyvarious,exposure time of-cadmium on GARDH protein expression in
HepG2 cells.

HepG2 cell was cultivated in MEM for overnight, as“described in materials and methods.
After overnight offiimcubationficells: were ‘treatedtwith! cadmium 125.uM for various
exposure times (0-60 hours). Total protein was isolated and GAPDH protein expression
was determined by western blot analysis. A) Lower panel shows the GAPDH protein
(38 kDa) expression by western blot analysis. Upper panel show g-actin protein (43 kDa)
expression as an internal control. B) Relative density of GAPDH protein normalized with

p-actin.

%
p<0.05, #p<0.01 when compared with control.
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2.3 Determination of exposure times to cadmium on LDHA protein expression

GAPDH and LDH have functional interaction that can affect NAD'/NADH and
glycolysis in living cells [115] and transcription from the histone H2B gene requires
octamer binding factor 1 (Oct-1) and Oct-1 co-activator in S-phase (OCA-S), a multi-
subunit complex that contains the NAD(H)-linked classical glycolytic enzymes

glyceraldehyde-3-phosphate dehydrogenase (p38/GADPH) and lactate dehydrogenase

(p36/LDH) along with other compa od [2 ' ious study we found GAPDH protein
9 | ime dependent manner and may
reduced LDHA protei on. Th ‘!u = DHA protein expression was
investigated HepG2 a VI for various exposure times.
The LDHA protein (36 }w S a\\..\o\ =N increasing exposure times

(from 0-60 hours) (Figur xpression in control group was

significantly higher in 24 i 0.01) (Figure 26B). This result

indicated that LDHA prot by cadmium in exposure time

dependent manner.
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Figure 26. Effect] of various~exposure timeof ecadmium~on-LDHA protein expression in

HepG2 cells.

HepG2 cell was cultivated in MEM for overnight, as=described in materials and methods.
After overnight ofiiimcubationficells: were | treatedowith! cadmium 125 uM for various
exposure times (0-60 hours). Total protein was isolated and LDHA protein expression
was determined by western blot analysis. A) Lower panel shows the LDHA protein (36
kDa) expression by western blot analysis. Upper panel show p-actin protein (43 kDa)
expression as an internal control. B) Relative density of LDHA protein normalized with
p-actin.

#p<0.01 when compare with control.
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2.4 Determination of exposure times of cadmium on histone H2B truncation

GAPDH and LDH is a necessary component for the proper functioning of Oct-1
coactivator and OCA-S, that is essential for S-phase-dependent histone H2B
transcription in cells [33]. Transcription from the histone H2B gene requires Oct-1 and
OCA-S, a multi-subunit complex that contains the NAD(H)-linked classical GAPDH and

LDH [106]. Therefore, cleavage hist B form (g-H2B; 12 kDa) and full length

V/ vel was investigated HepG2 cells-
he ra vage histone H2B with full length

histone H2B protein (H2B; 1

treated with various expo

histone H2B protein lev: ) were incr Pase. when increasing exposure times
(from 0-60 hours) (Fig s \—.‘ i""o\"*\a‘-\- e histone H2B and full length
histone H2B protein le : in’ ' C ‘o\(’o s significantly lower in 36-48

hours of exposure time s result indicated that histone H2B

_#\\
\ endent manner.

truncation was induced
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Exposure Time (hour)

marker 0 6 12 24 36 48 60

48 kDa .
p-actin
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Figure 27. Effect of various exposure time of cadmium-inducedihistone H2B truncation
in HepG2 cells.

Experimentiwas carhied) otty asrdescribed tinykigure, 2511 Totalvproteiniwas isolated and
both of cleavage histone H2B (g-H2B) protein and full length histone H2B (H2B) protein
expression were determined by western blot analysis. A) Lowest panel shows the g-H2B
(12 kDa) and medial panel shows the H2B protein (14 kDa) expressions by western blot
analysis. Upper panel show g-actin protein (43 kDa) expression as an internal control.

B) Ratio density of g-H2B and H2B protein level (g-H2B:H2B).

%
p<0.05 when compared with control.
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2.5 Determination of exposure times of cadmium on type of cell death

Cadmium induced both a time- and dose-dependent increase in apoptotic, and
necrosis [116]. Furthermore, Karaczyn et al. [34] reported that the histone H2B
truncation do not concur with apoptosis. Type of cell death was investigated by HepG2
cells-treated with cadmium 25 uM for various exposure times. HepG2 cells necrosis was

increased in exposure time 24-48 hours; as seen of cleaved PARP form (55 kDa), but

was decreased in exposure time our, T jor cleavage fragment form of PARP-1

in necrosis cell is represented by ab results indicated that cadmium

induced necrosis in exp ' [ ] ure 28).

9
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Exposure Time (hour)

marker 0 6 12 24 36 48 60

PARP-118
80 kDa PARP-85
58 kDa
PARP-55
46 kDa . 4
B-actin

Figure 28. Effect of various exposure"time'*qf cadmium-induced PARP-1 cleavage
’
Experiment was carried out as d__es_cribed"j{}! material and methods. Total protein was

o

in HepG2 cells. 4
isolated. Both cleavages PARP-1 and full Iéﬁggh PARP-1 protein level protein expression
was determined by western bldi":an'alysis. @é‘st panel shows the full length PARP-1
(red bands, 118 kDa)_, second-panel shows:;fhéascleavage PARP-1 (red bands; 85 kDa;

represent to apoptoSﬁé), SR thid—paRe S HoWS—the=tleayage PARP-1 (red bands;

55 kDa; represent to necrosis). Lowest panel show Bléctin protein (green bands,

43 kDa) expression as é'-n internal control.
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3. Determination the effect of insulin in cadmium-reduced GAPDH protein
expression.

Cadmium reduced GAPDH and LDHA protein expression and induced cell
death. Insulin is growth factor and glycolysis regulator. This experiment was to
investigate the effect of insulin on cadmium toxicity to HepG2 cells. We found insulin

can prevent the effect of cadmium, on reduction of GAPDH and LDHA protein
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Group

marker 1 2 3 4 5 6

46 kDa

30 kDa

Figure 29. Effect of insulinsin cadmium-reduced GAPDH protein expression.

Experiment was carriedgout as described in material and method. Total protein was
isolated and proteins wege determined by'};\?estem blot analysis. Lower panel show the
intracellular LDHA proteind(red bands, 36';}<D'a) by western blot analysis. Medial panel
show GAPDH protein (green bands, 38 kDa:)'___expression py western blot analysis. Upper
panel show p-actin protein (green bands, 48 kDa) expression as an internal control
(N=2). (gr.1 = H,0 as controli-gr2 = caaénti'h:‘m 25 uM; gr.3 = insulin 20 mU/ml;
gr.4 = insulin 20 mU/ml plus cadmium 25 uM.;'-'QE.B': insulin.2,000 mU/ml; gr.6 = insulin
2,000 mU/ml plus cadfmium-25-pivh)



CHAPTER V
DISCUSSION

1. Cadmium decreases HepG2 cells viability

Cadmium is a widespread industrial environmental pollutant that affects adversely a
number of organs in human such as kidneys, liver, and pancreas. Liver and kidneys are
especially sensitive to the toxic effects of eadmium. Cadmium induced hepatic cell
death depend on dose [69, 119]. The purpese of this study is to investigate the
concentrations of cadmium.induced He;GZ cell'death. The maximum concentration of
cadmium (200 puM) in thissstudy ' was highier than previous studies (0-100 uM) [119, 120].
However, cadmium coneentration for thisl. time-course experiments (25 uM) was in the
range of cadmium concghntrations in brev@}s studies (0-100 uM) [119, 120]. The IC,, of
cadmium was determinedby exami‘ning th.e HepGZ cell viability. The MTS assay was a
measured of mitochondrial dehyd-rogenas;enzymes activity in HepG2 cells. The cells
viability was decreased by mcreasmg the ddse of cadmium and IC,, was calculated as

15 uM. The effect of cadmium’on the v1abﬁj%y of HepG2 cell has been investigated

previously, Lawel and E||IS [12OT |nd|cated that tﬁe human hepatoma cell line HepG2 is

the most sensitive to _C'a—d’mlum toxicity when compared Wltb a human astrocytoma cell
line 1321N1 and humé_m embryonic kidney cell line HEK293. Moreover, cadmium
depleted of ATP prodtjction in HepG2 cells jn a dose-dependent manner. The data
obtained from/the present work lindicate that cadmium is highly cytotoxic to human

hepatoma cells (HepG2).

2. Cadmium decreases GAPDH and LDHA protein expression and increases 55 kDa
PARP-1 cleavage
Cadmium induced cell death by increase of cytosolic calcium and intracellular ROS
generation, but depletion of glutathione and intracellular ATP [36, 117]. In most tissues
about 80-90% of glucose oxidation is via glycolytic pathway [22]. GAPDH is an
important ATP-generating enzyme in the glycolytic pathway [23]. We found that

cadmium decreases intracellular GAPDH protein but has no affect on GAPDH mRNA
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expression. This result proposed that cadmium may reduce GAPDH protein translation
and/or induce GAPDH protein degradation which will decrease the NADH production.
Aniento et al. [121] postulated that the degradation mechanism of GAPDH protein is via
a lysosomal pathway. The postulated pathway involves binding of GAPDH to the
lysosomal membrane, entering into the lysosomal matrix, and degradation. Furthermore,
the presence of higher amount of reactive oxygen species, oxidation at the cys152 of
GAPDH may lead to the inhibition of GAPDH activity. The activity of GAPDH is largely
affected by covalent modifieations of Joxidants atvits highly reactive of the cys152
residue, participating in.celirdeath-[70]. Oxidation of this cysteine residue on GAPDH to
sulfonic acid, the end result of'which is degradation [122]. Tsuchiya et al. [123] studied
in human leukemia U937 gell/line trealted with 4-hydroxy-2-nonenal (HNE), a lipid
peroxidation product. Fheig results suggested that GAPDH modified by HNE was
degraded by a chymotrypsin- I|ke ser|r1'e protease not proteasomes, tripeptidyl
peptidase I, and lysosomal enzymes Recen’tly it has been reported that the cathepsin
G is able to degrade HNE- modlﬂed GAPDH Cathepsm G plays an important role in the

degradation of HNE-modified prote:ns forme—el’durlng the exposure to oxidative stress

[124]. This result suggested that cadmium may reduce’ GAPDH protein translation

and/or induce GAPDH protein degradat|on resultlng in' the decrease of NADH
production. The GAPDH protein may degrade via cathepsm pathway.

Furthermore, we foundthat cadmium inereases PARP-1 cleavage 55 kDa related to
cell necrosis. Gobeillet al. [125] reported that PARP:1 was cleaved to give two major
active fragments 55 and 42 kDa, representing cell necrosis. Necrotic neuronal death
mediatéd by Ca2+—dependent cysteing. proteases.such as calpain, cathepsin [126].
PARP-1 is cleaved to 55 and 42 kDa by cathepsin G [125]. Moreover, PARP was
activated by the oxidative stress. Activated PARP utilizes cytosolic NAD™ and NAD" was
essential in glycolysis. Therefore, when an oxidative stress induced PARP activation,
several proteins such as GAPDH are poly-ADP-ribosylated but since NAD" continues to
be depleted. One of the main consequences for such a drop in NAD" is an arrest of the

glycolysis. Thus, when glycolysis is finally blocked, consequently with the ATP depletion,
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the cell death will occurs after 8-12 hour [83]. Cadmium induces apoptosis and necrosis
on yeast cells in a dose and time related with intracellular NADH level [35]. Moreover,
we proposed that the decreased intracellular LDHA protein after cadmium exposure
causes by the decreased LDHA expression and/or the increased LDHA secretion from
HepG2 cells. Lopez at al. [36] reported that cadmium induced rat cortical neurons cell
death and LDH released in a dose dependent manner. Their result also suggested a
necrotic process. LDH reaction oxidizes /NADH and replenishes NAD', which is
essential for the glycolytic conversion olglucose io'pyruvate [68]. LDHA is opposed to
the function with GAPDH.tesregulate the intracellular redox stage (NAD'/NADH).

Taken together, theSe findings shaws the signifieant role of cadmium on cell
necrosis, concomitant.with .the reductior{ qf intracellular GAPDH and LDHA proteins,

causing the alteration ofithe fedox stage (l&jLA.DVNADH) in human hepatoma cells.
3. Cadmium induced histene H2B :truncaﬁ?h.‘-‘

GAPDH and LDH are the r)ec"essary:"f:_#ijr-plponents for the proper functioning of
octamer binding factor 1 (Oct—rﬁ‘) a-nd Oct-]‘l;c:_éiactivator in S-phase (OCA-S), that is

essential for S-phase—depend:e—ﬁ—t- histone H‘2E-3>*t_rénsoription in cells [33]. This study

provides evidence fh_ét—cadmium effects to histone H2B"9rotein in HepG2 cells. We
found that cadmium inc;r_eased histone H2B protein trunce:dion. Similarly, Karaczyn et al.
[34] reported that treating. cell with nigkel showed time- and dose-dependent
appearance ofia new small band of histone H2B in a human pulmonary cell line. The
small band was described as histong: H2B which, in addition to being shorten at the N-
terminus, have niné'amino acids deleted from its |C-terminus. The truncation occurs
betweenlysine and alanine in the two identical -KAVTK- repeats of histone H2B. The
truncation did not concur with apoptosis. Nickel-mediated histone H2B truncation is
executed by calcium-activated proteases such as calpains. It seems possible that the
truncated H2B (g-H2B) is originated from the pool of mono-ubiquitinate histone H2B; the
ubiquitin tag could make histone H2B sensitive to calpain attack. Histone H2B truncation

is via p-calpain [127]. Calpain is a calcium-dependent cysteine protease. It is
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distributed widely in animal cells [128]. Calpains are over activated by elevated
intracellular calcium [129, 130]. There are two types of ubiquitous calpains, p-calpain
and m-calpain, which differ in their calcium ions requirements in vitro. p-calpain is
activated by pM levels of calcium ions, whereas m-calpain requires mM levels for
activation in vitro [128]. Cadmium increases cytosolic free calcium concentration
subsequently mediated calpain activation to cell necrosis [117, 131]. The epigenetic
inheritance is found even in several organismssSueh as flies and yeast that lack of DNA
methylation [132]. Over the past decad% it has.beeome evident that epigenetic states
can be mediated by histones,the architectural proteins that package DNA into
nucleosomal particles {483].4n yeast cqllls, repression of histone H2B causes a cell-
cycle arrest at G2 phase /and reduceé_ the number of intact nucleosomes [134].
Furthermore, in transfogmedshuman kidnejy.cells (293 cells); apoptotic cell death was
induced satisfactorily at €admium :12 i tcﬂ 37 5 pM for 48 hours show apoptosis as
confirmed by characteristic electron mlcroscoplc features and a ladder on gel
electrophoresis of extracted DNA and fragmerantlon of nucleosomes as detected by
ELISA. Cadmium at a low concentratlon (kﬁﬁw 37.5 uM) might induce apoptosis in

transformed human Kidney cells (293 cells) [135] Caspages are crucial mediators of

apoptosis. Caspase—:{ris a frequently activated death protéase, catalyzing the specific
cleavage of many key qcrzellular proteins [136]. Our result !shows that caspase-3 protein
expression is not changédewhen treated with'25 uM cadmium for 24 hours (data not
show). This result indicated that HepG2 apoptosis was nat indueed by cadmium. On the
other hand, Hamasa et al. [135] reported that cadmium at high concentration (above
37.5 uM) might induce tfansformed human kidney cells (293 cells) death through a
different mechanism, perhaps necrosis. Our result shows that HepG2 cell is necrosis
when treated with 25 uM cadmium for 24 hours. Similarly, Lawel and Ellis [120] reported
that the human hepatoma cell line most sensitive to cadmium toxicity when compare
with a human astrocytoma cell line and human embryonic kidney cell line. Moreover, the
necrotic initiation may involve intracellular Ca’’ mobilization through the uptake of

2+ . 2+ . . .
extracellular Ca~ and/or release from internal stores. Ca~ mobilization increases the
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calpain activity, subsequently induced lysosomal rupture presumably with the aid of
reactive oxygen species. The lysosomal rupture release cathepsin proteases degrade
cell constitutive protein, such as core histone proteins, leading to cell death [126]. Our
result shows that histone H2B truncation affects to histone H2B dysfunction when
treated with 25 uM cadmium for 24 hours. These results correlate with our previous
GAPDH results related with calpain-cathepsin cascade.

These findings showed the significant role.0f eadmium to cell necrosis from histone
H2B protein truncation in“human heBatoma eell' and these results explain the

cadmium-induced cell injuryrelated.to epigenetic meehanism.

]
4. Determination the effect.of insulin in cadmium-reduced GAPDH protein expression.

Cadmium affects glucose fatabolism. lby acting on a variety of different organs
such as liver, and adipgse fissties. Cadlllihitfm reduces insulin levels and has direct
cytotoxic effects on the pancrea's.:Cadrﬁ_i-fim*:induces the elevation of fasting blood
glucose levels which in fact CQntfibute to'!the etiology of cadmium induces renal
dysfunction. Elevated blood gltjéos-e levels ]t_;ér;gles with the direct effects of cadmium

o

on renal tissue eventually leads to Kidney éyé?u_r{ction and damage [137]. Moreover,

cadmium influencesrt_ﬁe—biosynthesis of insulin in rat (1.0—ég-d 2.0 mg/kg bw) [138] and
cadmium (20 pM) signjficantly diminished the rate of in?ulin release [137]. Cadmium
induces impaired glucose'tolerance (IGT) ingats by selectively down-regulating glucose
transporters type 4 (GULT4) expression in rat adipocytes [139]..Insulin hormone affects
not only regulates glucose metabolism, but also activates protein, synthesis, and cell
growth 140, 141]5Theiriresults indicates that cadmium- can develop both type of
diabetes mellitus and insulin may recover effect of cadmium-induces diabetes mellitus.
Our results show that insulin could recover cadmium-reduced GAPDH protein and
LDHA protein expression. Insulin induces a maximum upregulation of the GAPDH mRNA
level and GAPDH promoter activity is significantly increased (2.5-fold) in HepG2 cell
when treated with insulin 20mU/ml for 48 hours [142]. Their results are not consistent

with our results. We found that insulin has no effect on increasing GAPDH protein
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expressions. We detected GAPDH protein expression, involved translation and
degradation of GAPDH protein. Lemaigre et al. [143] detected GAPDH mRNA
expression and GAPDH promoter activity assay. Furthermore, insulin could recover the
effect of cadmium-reduced GAPDH and LDHA protein expression. The promoter site of
GAPDH contains both of insulin responsive element (IRE-A and IRE-B). This is best
described in the context of the insulin regulation of GAPDH gene transcription [143] by
increase GAPDH mRNA transcription, may be related to upregulation of GAPDH protein
levels. Moreover, insulin deerease the Late of pretein degradation in skeletal muscle
through a decrease in thesaetiVity.of the ubiguitin proteasome-dependent pathway [144]
and insulin increases the ratefof protein ?ynthesis in liver tissues [145]. In previous our
results we found GAPDH protein is degréded pby cadmium may be related to cathepsin
G protein expression and/of actlwty of eathepsm G, however Jefferson et al. [146]
reported that insulin hasfnot any effect oﬁ total cathepsin D activity. This result may
indicate that insulin recover the effect of cadmlum reduced GAPDH protein expression
did not related with cathepsin D (aspartlo proteases) Han et al. [139] reported that

42k
cadmium induces impaired glucose tolerance (IGT) and hyperglycemia in rats.

Cadmium specmcally and seleohvely down- regulates GLUT4 by reducing synthesis or

stability of GLUT4 mRNA in rat adipocytes. However cadmlum does not affect in GLUT1
expression and GLUT[mRNA level'inthe rat muscle and cadmium does not affect in
GLUT2 expression and GLEI2 mRNA levelszin the rat liver. The insulin-induced GLUT4
translocation in rat adipocytes is hot affected by'the cadmium greatment. However, the
correlation of cellular and molecular mechanisms, of cadmium, dnsulin and glucose
transporters/in the liveris not clear. Thus it should be investigated inithe next studies.
These findings show the significant role of insulin which can recover the effect of
cadmium reduces GAPDH protein expression in HepG2 cells. These results may be
related to i) increase GAPDH gene expression by insulin binding to insulin responsive
element on GAPDH gene promoter site, ii) decrease ubiquitin proteasome-dependent

pathway and/or calpain-cathepsin pathway, and iii) increase protein synthesis.
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5. Cadmium decrease Glucose-6-phosphate dehydrogenase mRNA expression.
G-6-PD protein is an enzyme that catalyses the first reaction in the pentose
phosphate pathway, in which glucose is converted into the pentose sugars required for
glycolysis and for various biosynthetic reactions. G-6-PD protein is also essential in
regenerating the reduced form of glutathione. Reduced form of glutathione is produced
with one molecule of NADPH. The reduced form of glutathione is essential in the
reduction of hydrogen peroxide and oxygensradicals [13]. /n vivo study, cadmium
induces oxidative stress in-rat Kidney tisiue issindicated by the decreased level both of
G-6-PD protein and reduced-from of glutathione protein. These effects cause kidney
tubular cell necrosis [447]. Jdn witro stydies, cadmium increase of G-6-PD mRNA
expression in hepatocyte cultuge from sil!v?r sea bream [148]. Furthermore, Xu et al.
[149] reported that cadmium’ (4" M) incréalses poth of G-6-PD mMRNA expression and
enzyme activity in primary rat hepa{ocytes::f We found that cadmium decreased G-6-PD
MRNA expression in dose dependent manﬁ(_ér’. Their reports is opposed to result with our
result because cadmium has hormétic effé'cf;;j::agbiphasic dose-response phenomenon
[28], the high concentrations or? ca;dmium f;és:_'}f::ytotoxio effects by decrease G-6-PD

mRNA expression but lower concentrations may inducesa compensatory protective

response by increasé_s;'§6—PD mRNA expression and cellify;-)e are difference.

These findings shoned the significant role of cadmiu[h on G-6-PD gene expression
which may disturb GSH/GSSG cycle, and gause alternate of the antioxidant defense
(NADPVNADPH) in human hepatoma cell. These results may .be due to the fact that

NADPH is a key factor in cellular antioxidation relate with glutathione, pathways.

6. Cadmium decrease NEMO mRNA expression but not affect to NEMO protein
expression.

The human G-6-PD gene maps to Xg28 and is arranged head to head with the
NEMO gene [150]. G-6-PD gene may be a possible promoter site of NEMO gene. The
loss of NEMO protein mediate to hepatic cell damage [151]. Furthermore, NEMO protein
is essential in protecting hepatocytes from tumor necrosis factor induced cell death and

NF-kB-mediated anti-apoptotic response are inhibited by the lack of NEMO protein in
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hepatocytes [152]. NEMO-mediated NF-kB activation in mice hepatocytes has an
essential physiological function to prevent the spontaneous development of
steatohepatitis and hepatocellular carcinoma, NEMO as a tumor suppressor in the liver
[153]. In treated rats, steatosis is induced by cadmium [154]. Their results indicated
NEMO may reduce cadmium-steatosis.

We found cadmium decreased NEMO mRNA expression but not affected to NEMO

protein expression. This resul» uggeste G2 cell death may related to other

factors such as oxidative stress.anc i -ﬂ&ps (such as GAPDH protein) but
- T ——

no relation with NEMO

7. Conclusion

The studies presen : ' e dmium-induced HepG2 cells
necrosis. Cadmium dec LDHA protein in dose- and
time-dependent manner fo addition, cadmium induces HepG2
cells necrosis by increases dose- and time-dependent manner
on human hepatoma cell. These d that cadmium induced cell necrosis
related to alteration lﬁntraéélméﬁéd’ | mechanism. Furthermore,
insulin may recover ;w:@-?f--— ‘‘‘‘‘ n_‘ his potential therapeutic

mto@ity.
AU INENINYINS
RIAINTUNRINIAY

strategy will be benefic@ i
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