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4-hydroxy-2-nonenal (4-HNE), the most abundant aldehyde product of lipid
peroxidation, was shown to exert several effects on pathological processes. lIts effects
were shown to be tightly associated with an ability to induce intracellular reactive
oxygen species (ROS) generation. The purposes of this study were to elucidate the
possible cytotoxic role of 4-HNE and underlying mechanisms on ECV-304 cells.
Moreover, this study investigated the protective effect of asiaticoside, the major active
component ofCentella asiatica (Linn.), against 4-HNE mediated cytotoxicity.
Exposure with 4-HNE decreased cell viability in a concentration dependent manner
over a wide range concentrations (044d) analyzed by MTT assay. In addition,
Hoechst 33342 and propidium iodide staining assay showed a significant in@ease (
< 0.05)in apoptotic and necrotic cells at 12 hours. Addition of antioxidant, N-acetyl-
L-cysteine (NAC) or glutathione (GSH), significantly inhibiteld € 0.05)4-HNE
induced cytotoxicity measured by MTT assay, apoptotic cell death analyzed by
Hoechst 33342 staining assay, and necrotic cell death determined by propidium iodide
staining assay. Flow cytometric analysis of ROS-specific 2, 70 -
dichlorodihydrofluorecein diacetate fluorescent dye indicated that 4-HNE treatment
strongly significant up-regulatedP (< 0.05) intracellular ROS, suggesting the
involvement of ROS on 4-HNE induced cytotoxicity. However, asiaticoside which
has been reported to be an antioxidant showed antioxidant effect only at high
concentrations (200 uM) in this study. These findings provided evidence that
antioxidant effect of asiaticoside might not be involved in the protection of ECV-304
cells against 4-HNE induced toxicity. Nevertheless, the precise mechanisms of
asiaticoside in protection of 4-HNE induced cytotoxicity remain to be defined.
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CHAPTER |
INTRODUCTION

Oxidative stress has been concerned as a component of molecular mechanisms of
tissue damage found in number of pathologies. One of the most important oxidative
mechanisms which play a critical role in cell and tissue damages is known as lipid
peroxidation. This reaction is initiated and propagated by reactive oxygen species formed
by intracellular oxidative stresses, and damage membrane of the(lceBls Lipid
peroxidation reaction not only causes a severe membrane damage leading to cell death,
but also generates several resulted radicals and toxic metabolites which in turn further
propagate oxidative stresses to the surrounding cells and tissues. One of the major
aldehydic end products of lipid peroxidation is 4-hydroxy-2-nonenal (4-HNE). 4-HNE
has been postulated to play a role in several disease states including, atherog&lerosis
6), cancer(7), chronic obstructive pulmonary diseg8el2), and neurological disorders
(13-23). Increasing number of evidence indicates that 4-HNE induced cytotoxicity
through an increased intracellular production of reactive oxygen species (REB).
However, the cytotoxic effect of 4-HNE and its underlying mechanisms in regulation of
vascular cell and tissue damage are largely unknown. Thus, the present study used the
endothelial ECV-304 cells as a representative model in investigation of cytotoxicity and
mechanisms of action of 4-HNE.

Centella asiatica (L.) Urban (family Umbelliferae) has been used in folk medicine
in many Asian countries. This plant is claimed to posses anti-inflamm@&rymemory
improvement(30, 31) and anticancer activity32). Based on the hypothesis of free
radical mediated toxicity,Centella asiatica has been reported to have anti-lipid
peroxidative (33) and antioxidative activitie430, 31, 33-38). Its active components
include several pentacyclic triterpine derivatiy83). Asiaticoside is the most abundant
triterpene glycoside, which has been shown to promote collagen formation and
angiogenesis in wound healir{d0). Moreover, asiaticoside also has been reported to
enhance induction of enzymatic and non-enzymatic antioxidant leyl3.



Nevertheless, the protective role of asiaticoside against 4-HNE induced cell damage is
still not elucidated.

In summary, the purposes of this study is to determine the role of 4-HNE and its
underlying mechanism on ECV-304 cell damage as well as investigate the protective

effect of asiaticoside against 4-HNE induced cytotoxicity.



CHAPTERIII
LITERATURE REVIEW

1. Centella asiatica (Linn.) Urban

Figure 1 Centella asiatica (Linn.) Urban
Centella asiatica (Gotu kola, Asiatic pennywort, Buabok) is a perennial
herbaceous plant of the family Umbelliferae, native to India, Japan, China, Indonesia,
South Africa, Sri Lanka, and the South Pacific. It is tasteless and odorless and thrives in
and around water. It has small fan-shaped green leaves with white or light purple-to-pink
flowers, and it bears small oval fruit (Figure 1).
In an Indian system of medicine, Ayurveda, asiatica has been used for

different ailments like headache, body aches, insanity, asthma, leprosy, ulcers, eczemas



and wound healing. In the course of pharmacological stuthiesplant showed anti-
inflammatory (29), memory improvement(30, 31) and anticancer activity(32).
Moreover, several studies have shown thaasiatica inhibited free radical generation,
and acted as free radical scavengers, antioxi¢amt81, 33-38).

The major active components Gf asiatica are triterpene saponins, asiaticoside
and madecassoside, and their aglycones, asiatic acid and medecaqsi@) altics also
contains essential oils and other volatile constituents. This plant contains other saponins
and triterpene acids, namely, cettilic acid, cetelloside, brahmoside, brahminoside,
brahmic acid, isobrahmic acid, etc.

Asiaticoside is the most essential ingredient and founded to be the most content

extracted fronC. asiatica (the structure shown in Figure 2).

0-6le—61c—Rha

Figure 2 Structure of asiaticosidd0)

2. Pharmacological activities of asiaticoside

2.1 Antioxidant

Topical administration of 0.2% solution of asiaticoside twice daily for 7 days
to skin wounds in rats enhanced induction enzymatic and non-enzymatic antioxidant
levels, including superoxide dismutase (35%), catalase (67%), glutathione peroxidase
(49%), vitamin E (77%) and ascorbic acid (37%), in newly form tissue at an initial stage
of healing. It also resulted in a several fold decrease in lipid peroxide levels (69%) as

measured in terms of thiobarbitoric acid reactive substance (TBER)S)



2.2 Anxiolytic

Using elevated plus maze, open field, social interaction, locomotor activity,
punished drinking, and novel cage tests on rats, Wijeweera, P., et al. (2006) suggested

that asiaticoside had anxiolytic activi{R).

2.3 Wound healing

Shukla, A., et al. (1999) found that the administration of a topical solution of
0.2% asiaticoside in guinea pig punch wounds produced 56% increase in hydroxyproline,
57% increase in tensile strength, increased collagen content and better epithelisation than
controls. They also demonstrated that topical application of 0.4% solution of asiaticoside
over punch wounds in streptozocin diabetic rats, in which healing is delayed, increased
hydroxyproline content, tensile strength, collagen content and epithelisation. Moreover,

asiaticoside promoted angiogenesis in the chick chorioallantoic modeligt(40).

3. The mitochondrion

The mitochondrion is the site of eukaryotic oxidative metabolism. Mitochondria
contain pyruvate dehydrogenase, the citric acid cycle enzymes, the enzymes catalyzing
fatty acid oxidation, and the enzymes and redox proteins involved in electron transport
and oxidative phosphorylation. It is therefore with good reason that the mitochondrion is

often described as the cell's “power plant”.
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Figure 3 Mitochondrion(43)

Mitochondria vary in size and shape, depending on their source and metabolic
state. A eukaryotic cell typically contains about 2000 mitochondria, which occupy
roughly one-fifth of its total cell volume. A mitochondrion is bounded by a smooth outer
membrane and contains as extensively invaginated inner membrane (Figure 3). The
number of invaginations, called cristae, reflects the respiratory activity of the cell. The
proteins mediating electron transport and oxidative phosphorylation are bound in the
inner mitochondrial membrane.

The inner membrane divides the mitochondrion into two compartments, the inner
membrane space and the internal matrix. The matrix is a gel-like solution that contains
extremely high concentrations of the soluble enzymes of oxidative metabolism as well as
substrates, nucleotide cofactors, and inorganic ions. The matrix also contains the
mitochondrial genetic machinery — DNA, RNA and ribosomes — that generates several
mitochondrial protein§43).

4. Electron transport chain
The 12 electron pairs released during glucose oxidation are not transferred

directly to Q. Rather, they are transferred to the coenzymes Nsiol FAD to form 10
NADPH and 2 FADH (Figure 4) in the reactions catalyzed by the glycolytic enzyme,



pyruvate dehydrogenase and citric acid cycle enzymes. The electrons then pass into the

mitochondrial electron-transport chain, a system of linked electron carriers.

Glycolysis
Glucose

Glucose-6-phosphate

Y

2 Glyceraldehyde-3-phosphate

glyceraldehyde-
3-phosphate |~
dehydrogenase

' /< 2NAD*

—=2NADH

2 1,3-Bisphosphoglycerate

Y

2Pyruvate
2NADT
pyruvate
dehydrogenase §y —__, , NADH
2Acetyl-CoA
2NADH .
) 2 Oxaloacetate
2N .-\]}t \
N malate 2Citrate
9 Malate dehydrogenase
2Isocitrate
2Fumarate Citric acid
cycle isocitrate | o NAD+
2FADH, succinate dehydrogenase { o
A dehydrogenase e
> 2NADH

2FAD 2 Succinate a-ketoglutarate
dehydrogenase
2 Succinyl-CoA .

2 a-Ketoglutarate

| ¥

v gNaADt
2NADH

Figure4 Site of electron transfer that form NADH and FARPRglycolysis and the
citric acid cycle(43)



The electron carriers that ferry electrons from NADH and FADH O, are
associated with the inner mitochondrial membrane. Some of this redox centers are
mobile, and others are components of integral membrane protein complexes.

Oxidation of NADPH and FADWlis carried out by the electron-transport chain, a
set of protein complexes containing redox centers with progressively greater affinities for
electrons. Electrons are carried from Complex | and 1l to Complex Ill by coenzyme Q
(CoQ or ubiquinone), and from Complex Ill to Complex IV by the peripheral membrane
protein cytochrome c. The following events occur during the electron transport:

Complex | catalyzes oxidation of NADH by CoQ:

NADH + CoQ (oxidized)— NAD" + CoQ (reduced)

Complex Il catalyzes oxidation of CoQ (reduced) by cytochrome c:

CoQ (reduced) + 2 cytochrome c (oxidixed)

CoQ (oxidized) + 2 cytochrome c (reduced)

Complex IV catalyzes oxidation of reduced cytochrome c bytk®e terminal

electron acceptor of the electron-transport process:

2 cytochrome c (reduced) + %2 6> 2 cytochrome c (oxidized) +J@

As an electron pair successively traverses Complex I, Ill and 1V, sufficient free

energy is released at each step to power the synthesis of an ATP molecule.

Complex Il catalyzes the oxidation of FARHy CoQ:

FADH, + CoQ (oxidized}» FAD + CoQ (reduced)



This redox reaction does not release sufficient free energy to synthesize ATP; it

functions only to inject the electrons from FARIHto the electron transport chg48).

— ADP + P.
~ ATP

— ADP + P

S ATP

— ADP + P

S~ ATP

Figure5 Electron Transport in mitochondrion

5. Reactive Oxygen Species (ROYS)

Free radicals can be defined as molecules or molecular fragments containing one
or more unpaired electrons in atomic or molecular orbftels This unpaired electron(s)
usually gives a considerable degree of reactivity to the free radical. Radicals derived from
oxygen represent the most important class of radical species generated in living systems.
Molecular oxygen (dioxygen) has a unique electronic configuration and is itself a radical.
The addition of one electron to dioxygen forms the superoxide anion radiga). (O
Superoxide anion, arising either through metabolic processes or following oxygen

“activation” by physical irradiation, is considered the “primary” ROS, and can further
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interact with other molecules to generate “secondary” ROS, either directly or prevalently
through enzyme- or metal-catalysed proce¢4es

The production of superoxide occurs mostly within the mitochondria of a cell.
The mitochondrial electron transport chain is the main source of ATP in the mammalian
cell and thus is essential for life. During energy transduction, a small number of electrons
“leak” to oxygen prematurely, forming the oxygen free radical superoxide, which has
been implicated in the pathophysiology of a variety of dise@®s Measurements on
submitochondrial particles suggest an upper limit of 1-3% of all electrons in the transport
chain “leaking” to generate superoxide instead of contributing to the reduction of oxygen
to water(45, 46). Superoxide is produced from both Complexe | and Il of the electron
transport chain, and once in its anionic form it is too strongly charged to readily cross the
inner mitochondrial membrar{é7-49).

However, superoxide radical ion does not react directly with polypeptides, sugars,
or nucleic acids, and its ability to peroxidise lipids is controversial. Superoxide is

depleted undergoing a dismutation reaction (reaction (1)).

20, +2H —2 5 H,0,+ O, (1)

Superoxide dismutase (SOD) enzymes accelerate this reaction in biological
systems by about four orders of magnitude. It should be noted that SOD enzymes work in
conjunction with HO,- removing enzymes, such as catalases and glutathione peroxidases
(46).

The hydroxyl radical, *OH, is the neutral form of the hydroxide ion. The hydroxyl
radical has a high reactivity, making it a very dangerous radical with a very short half-
life. Thus when produceit vivo *OH reacts close to its site of formation. The redox state
of the cell is largely linked to an iron (and copper) redox couple and is maintained within
strict physiological limits. It has been suggested that iron regulation ensures that there is
no free intracellular iron; howevein vivo, under stress conditions, an excess of
superoxide releases “free iron” from iron-containing molecules. The release of iron by

superoxide has been demonstrated for [4Fe—4S] cluster-containing enzymes of the
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dehydratase-lyase family. The released’Fean participate in the Fenton reaction

(reaction (2)), generating highly reactive hydroxyl rad{d4| 45).

FE* + H0, - FE" + «OH + OH ()

Thus under stress conditions*O acts as an oxidant of [4Fe—4S] cluster-
containing enzymes and facilitates *OH production fros®4+by making F& available
for the Fenton reaction. The superoxide radical participates in the Haber—Weiss reaction
(reaction (3)) which combines a Fenton reaction and the reductiori‘dfyfFsuperoxide,

yielding F&* and oxygen (reaction (4J45).

Oy + H)O, > Oy +¢OH + OH (3)
FE'+ 0y - FE+ 0, (4)

Additional reactive radicals derived from oxygen that can be formed in living
systems are peroxyl radicals (ROQe). The simplest peroxyl radical is HOOe, which is the
protonated form (conjugate acidk@~4.8) of superoxide () and is usually termed
either hydroperoxyl radical or perhydroxyl radical. Given th{s value, only0.3% of
any superoxide present in the cytosol of a typical cell is in the protonated form. It has
been demonstrated that hydroperoxyl radical initiates fatty acid peroxidation by two
parallel pathways: fatty acid hydroperoxide (LOOH)-independent and LOOH-dependent.
The LOOH-dependent pathway of R#QOinitiated fatty acid peroxidation may be relevant
to mechanism=f lipid peroxidation initiationin vivo. Xanthine oxidase (XO) and
xanthine dehydrogenag¥D) are interconvertible forms of treame enzyme, known as
xanthine oxidoreductase (XOR). In purine catabolism, XOR catalyzes the oxidative
hydroxylation of hypoxanthine to xanthirsd subsequently of xanthine to uric acid.
Uric acid actsas a potent antioxidant and free radical scaveri{eR has, therefore,
important functions as a cellular defense enzyme against oxidative stress. With both XO
and XD forms, but particularly with the XO form, numerous ROS are synthesized. Thus,
the synthesis of both an antioxidant (uric acid) and numerous free radicals makes XOR an

important protective regulator of the cellular redox pote(4i).
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Peroxisomes are known to produceOp but not Q<, under physiologic
conditions. Peroxisomes are major sites of oxygen consumption in the cell and participate
in several metabolic functions that use oxygen. Oxygen consumption in the peroxisome
leads to HO, production, which is then used to oxidize a variety of molecules. The
organelle also contains catalase, which decomposes hydrogen peroxide and presumably
prevents accumulation of this toxic compound. Thus, the peroxisome maintains a delicate
balance with respect to the relative concentrations or activities of these enzymes to ensure
no net production of ROS. How the organelle maintains this equilibrium is unclear. When
peroxisomes are damaged and theyOHconsuming enzymes downregulated;Obl

releases into the cytosol which is significantly contributing to oxidative S#8ss

6. Oxidative damageto DNA, lipidsand proteins

At high concentrations, ROS can be important mediators of damage to cell
structures, nucleic acids, lipids and proteins. The hydroxyl radical is known to react with
all components of the DNA molecule, damaging both the purine and pyrimidine bases
and also the deoxyribose backbone. The most extensively studied DNA lesion is the
formation of 8-OH-G. Permanent modification of genetic material resulting from these
“oxidative damage” incidents represents the first step involved in mutagenesis,
carcinogenesis, and agei@b).

It is known that ROS results in an attack not only on DNA, but also on other
cellular components involving polyunsaturated fatty acid residues of phospholipids,
which are extremely sensitive to oxidation. Once formed, peroxyl radicals (ROQe) can be
rearrangedsia a cyclisation reaction to endoperoxides (precursors of malondialdehyde)
with the final product of the peroxidation process being malondialdehyde (MDA). The
major aldehyde product of lipid peroxidation other than malondialdehyde is 4-hydroxy-2-
nonenal (4-HNE)(1, 2). MDA is mutagenic in bacterial and mammalian cells and
carcinogenic in rat§50). 4-HNE is weakly mutagenic but appears to be the major toxic
product of lipid peroxidatiofil, 2, 51).
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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
disulphides between protein thiol groups (-SH) and low molecular weight thiols, in
particular GSH $-glutathiolation). The concentration of carbonyl groups, generated by

many different mechanisms is a good measure of ROS-mediated protein oxis@tion

7. Lipid peroxidation
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Figure6 Lipid peroxidation proces)

The polyunsaturated fatty acids in cholesterol esters, phospholipids, and

triglycerides are subject to free radical-initiated oxidation and can participate in chain
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reactions that amplify damage to biomolecules. Abstraction of a hydrogen atom from the
polyunsaturated fatty acid (PUFA) moiety of membrane phospholipids initiates the
process of lipid peroxidation (Figure 6). The resulting alkyl radical may rearrange to a
more stable conjugated diene, which enters the autocatalytic lipid peroxidation cascade.
Phospholipid hydroperoxides (PL-OOH) and fatty acid hydroperoxides (FA-OOH)
constitute the major portion of the lipid peroxidation products and can propagate lipid
peroxidation chain reactions. The fatty acid carbon chain may also be spontaneously
cleaved gB-scission) during lipid peroxidation, yielding a variety of highly reactive
compounds, including pentane and ethane radicals, andftuasaturated aldehydes. In
particular 4-HNE, the majar,3 —unsaturated aldehyde formed by the degradation of both
®-3 andw-6 PUFA during lipid peroxidation is fairly stable and present in relatively

higher amounts in biological membranes under the conditions of oxidative(girebs

8. Defense against intracellular lipid peroxidation

In mammalian cells, there are two tiers of antioxidant defense mechanisms against
ROS mediated lipid peroxidation. Low molecular mass compounds which act primarily
against peroxyl radicals involved in radical propagation provide first line of defense
against lipid peroxidation. These compounds referred as “chain-breaking antioxidants
(CBAs)” can terminate the propagation of free radical mediated reactions and interrupt
the autocatalytic chain reaction of lipid peroxidation. The main cellular CBAs inelude
tocopherol, ascorbic acid, glutathione (GSH), uric acid, carotenoids, ubiquinone, and
polyphenols, etc. Among these, GSH is particularly important because it also serves as
the substrate for the two major antioxidant enzyme systems, glutathione peroxidases
(GPxs) and glutathion® —transferases (GSTs). The antioxidant enzymes constitute the
second line of defenses which provide a variety of primary and secondary defenses
against oxidative stress. Primary antioxidant enzymes are mainly preventive and these
enzymes such as superoxide dismuatase, catalase, and GPxs can decompose ROS and
prevent the damage to cellular constituents and initiation of lipid peroxidation. Secondary
defenses typically involve excision or repair of any lesions caused by ROS. In the event

of ROS induced lipid peroxidation, secondary defense enzymes are involved in the
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removal of LOOH to terminate the autocatalytic chain of lipid peroxidation and protect
membranes. GPxs and GSTs which catalyze GSH-dependent reduction of LOOH (PL-
OOH and FA-OOH) through their peroxidase activity are the major secondary defenses

to guard against ROS-induced lipid peroxidaiign
9. 4-Hydr oxy-2-nonenal (4-HNE)
9.1 Formation of 4-HNE

OH

PP

Figure 7 Structure of 4-hydroxy-2-nonenal

The mechanism of the formation of 4-HNE (Figure 7) has been a matter of
debate since it was discovered as a major cytotoxic product of lipid peroxidation. It has
been established that linoleic acid and arachidonic acid are among the potential
precursors for 4-HNE formation, and that the nine carbons of 4-HNE are represented by
the last nine carbons of these6 essential fatty acids. In 1993, Gardner and Hamberg
demonstrated the first experimental evidence for a pathway from fatty acid
hydroperoxides to 4-HNE, in whicthey established that the aldehydic product of the
reaction of 9-hydroperoxylinoleic acid with hydroperoxide lyase, nani&lyodenal, can
be converted to 4-hydroperoxy2ionenal (4-HPNE) by a reaction with molecular
oxygen, mainly catalyzed in this case byZakenal oxygenas¢3). In addition, they
also substantiated an additional route to 4-HMNEperoxygenase reactions utilizing the
co-substrates Znonenal and 4-HPNE; the existence of a nonenzymatic pathway was
also implicated(53). Subsequent work by Gardner and Grove (1998) showed Zhat 3
nonenal is a substrate for soybean lipoxygenase, which thus could functionZas a 3
alkenal oxygenase and that the product is 4-HRBE More recently, in an elegant
study using the 9- and 13-hydroperoxides of linoleic acid as starting materials, Brash and
his colleagues found that two distinct mechanisms lead to the formation of 4-HPNE, in

which allylic hydrogen abstraction at C-8 of SBydroperoxy-2,11E-octadecadienoic
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acid (13HPODE) leads to a 10,13-dihydroperoxide that undergoes cleavage between C-
9 and C-10 to give 3HPNE, whereas S3HPODE cleaves directly toZ3nonenal as a
precursor of racemic 4-HPNES). 4-HPNE may be subsequently converted to 4-HNE
and 4-oxo-E-nonenal (ONE).

9.2 Metabolism of 4-HNE

Mammalian cells have developed multiple enzymatic pathways for the
detoxification of 4-HNE. The best characterized of these enzymes include the glutathione
Stransferases (GSTs), aldehyde dehydrogenase, and alcohol dehydrd@en&&Ts
catalyze conjugation of GSH to 4-HNIa Michael addition at the C-3 carbon, thereby
preventing further nucleophilic addition to this toxic compoupd 56). Aldehyde
dehydrogenase catalyzes the oxidation of 4-HNE to the innocuous 4-hydroxy-2-nonenoic
acid, while alcohol dehydrogenase catalyzes reduction of the terminal aldehyde to its
alcohol, yielding the unreactive metabolite 1,4-dihydroxy-2-nonene. Other than these
main enzymes involved in the metabolism of 4-HNE, aldose reductase, a member of the
aldoketo reductase superfamily, has been reported to contribute to the metabolism of 4-
HNE. The enzyme has also been shown to catalyze the reduction of the glutathione
conjugate of 4-HNK1, 51).

10. Pathological effects of 4-HNE

10.1 Atherosclerosis

It has been proposed that LDL, the key component of the fatty streak lesion of
atherosclerosis, must undergo oxidative modification before it can give rise to foam cells
(4). Indeed, Palinski, W., et al. (1990) showed th&iNE-lysine adducts develop on
apo-lipoprotein B during copper-induced oxidation of LDk vitro by using the
antiserum and monoclonal antibody which specific for 4-HNE-lysine. Viera, O. et al.
(2000) also showed that oxidized LDL induced derivatization of cell proteins by 4-HNE

and ubiquination in ECV-304, human endothelial cell line. They purposed that this event
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might be involved in the mechanism of oxidized LDL-induce apop{&3)s Moreover,
the presence of 4-HNE adducts immunoreactive to the antibody against the 4-HNE-lysine

fluorophore was also confirmed in the atherosclerotic lesions of humar(@orta

10.2 Cancer

4-HNE is able to react readily with various cellular components, including
proteins and DNA. It has been found that 4-HNE can interact with DNA to form 4-HNE-
dG adduct, which is a strong mutagen and induces mainly Guanine:Cytosine to
Thymine:Adenine mutations in human cells. Moreover, 4-HNE-dG adduct preferentially
form at codon 249 of the p53 gene, a mutational hotspot in humar{@elfeng, Z., et
al. (2004) found that 4-HNE can greatly inhibit nucleotide excision repair of DNA
damage induced by benatfpyrene diol epoxide, a major carcinogen in cigarette smoke
and environment, as well as damage induced by ultraviolet light irradiation in both
human colon and lung epithelial cells. The effect of 4-HNE on DNA repair was further
confirmed by its inhibitory effect on DNA repair in an vitro DNA repair synthesis
system, and this effect is mainly caused by the direct modification of repair proteins by 4-
HNE. They have also found that 4-HNE can greatly enhance the sensitivity of human
cells to benzd]pyrene diol epoxide and ultraviolet-induced cell killing. Together, these
results strongly suggest that 4-HNE damages not only DNA but also DNA repair
mechanisms. Due to these two detrimental effects, 4-HNE may contribute synergistically

to human carcinogenegig).

10.3 Chronic Obstructive Pulmonary Disease (COPD)

Using a mouse monoclonal antibody against 4-HNE adduct in
immunohistochemistry, Rahman and his colleagues (2002) assessed the relations between
4-HNE-modified protein levels, force expiratory in 1 second (§EMglutamylcysteine
synthetasey(GCS), transforming growth fact@- (TGF{1). 4-HNE modified protein
levels were elevated in airway and alveolar epithelial cells, endothelial cells, and



18

neutrophils in subjects with COPD, compared with the levels in subjects without COPD.
Moreover, they also observed a significant inverse correlation between the levels of 4-
HNE adducts in alveolar epithelium, airway endothelium, and neutrophils angdfidV
positive correlation between 4-HNE adducts and PBoprotein andy-GCS mRNA in
airway and alveolar epitheliuni8). The 4-HNE modified proteins have also been
detected in COPD patients’ alveolar macrophadés The elevated levels of 4-HNE
may play a role in the signaling events in lung inflammation leading to imbalance of

expression of both proinflammatory mediators and protective antioxidant genes in COPD

(8).

10.4 Neur odegener ative diseases

The presence of 4-HNE-derived epitopes, including 4-HNE Michael and
pyrrole adducts, has been reported in the most common neurodegenerative diseases, such
as Alzheimer’s diseag@3), Parkinson’s diseag@4). These findings provide support for
the involvement of oxidative stress (lipid peroxidation) in the pathogenesis of
neurodegenerative diseases. The exact role of 4-HNE in neurodegenerative disorders has
yet as to be established, but it is acknowledged that 4-HNE is a highly toxic compound

capable of causing neuronal cell de@dh 58).

11. 4-HNE induced apoptosis

Apoptosis, a mode of cell death, plays a crucial role normal cell turnover, proper
development and functioning of the immune system, hormone-dependent atrophy,
embryonic development and chemical-induced cell destha physiological event,
regulating cell number and eliminating damaged cells. Apoptosis is the most common
form of eukaryotic cell death. It is a physiological suicide mechanism that preserves
homeostasis, in which cell death naturally occurs during tissue turnover. In general, cells
undergoing apoptosis display profound structural changes, including a rapid blebbing of
the plasma membrane and nuclear disintegration. The nuclear collapse is associated with

extensive damage to chromatin and DNA cleav&gg
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4-HNE has been suggested to be a potential inducer of apoptotic cell death. The
apoptosis-inducing activity of 4-HNE appears in a dose and time dependent manner in
various cells(17, 28, 60, 61). The intracellular events, c-Jun N-terminal protein kinase
(JNK) activation(26, 62, 63) , GSH depletior{56), and activation of a Fas-independent
caspase casca@@®), have been suggested to be involved in the major apoptotic pathway
initiated by 4-HNE. Ji, C., et al. (2001) have investigated the mechanism of 4-HNE
induced cell death in RKO cells, human colorectal carcinoma cells, and demonstrated that
4-HNE induces apoptosis by inducing alteration of mitochondrial function leading to

release of cytochrome ¢ and subsequent activation of the caspase (@Scade

12. 4-HNE induced ROS generation

There is increasing evidence that 4-HNE generated endogenously during the
process of lipid peroxidation is causally involved in most of the pathophysiological
effects associated with oxidative stress in cells and tissues. Compared with free radicals,
4-HNE is generally stable and can diffuse within or even escape from the cell and attack
targets far from the site of the original free radical initiated event, therefore suggesting
that it is not only end products and remnants of lipid peroxidation processes but also may
act as mediators for the primary free radicals that initiated lipid peroxidajion

It has been suggested that 4-HNE provides a link between oxidant generation,
lipid peroxidation, and cell death. 4-HNE produced with relatively large amounts is
believed to be responsible for oxidative stress induced cell death. Moreover, an
increasing number of evidences indicate that 4-HNE-induced cytotoxicity through an
increased intracellular ROS production in various @4s27). Recently, Lee, J.Y., et al.
(2006) found that mitochondrial dysfunction plays a key role in mediating 4-HNE
induced vascular smooth muscle cell apoptosis through an increased mitochondrial
production of RO$28)



CHAPTER I11
MATERIALSAND METHODS

Materials

The human bladder carcinoma cell line ECV-304 was obtained from American
Type Culture Collection (Rockville, MD). Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum (FBS) and penicillin/streptomycin were purchased from
Gibco (NY, USA). Dichlorodihydrofluorescein diacetate (DGHPA) and Hoechst
33342 were obtained from Invitrogen (CA, USA). 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), propidium iodide (PI), N-acetyl-L-cysteine (NAC)
and glutathione (GSH) were purchased from Sigma-Aldrich (St.Louis, MO, USA). 4-
hydroxy-2-nonenal (4-HNE) was obtained from Cayman Chemical Company (Ann
Arbor, MI). Asiaticoside (Batch no AS0303610) was purchased from Changzhou Natural
Products (Development Co, Ltd, China).

M ethods

1. Cdl culture

The ECV-304 cells were cultured in DMEM containing 10% FBS, 100 units/ml
penicillin/streptomycin in a 5% CCenvironment at 37°C.

2. Cdll viability assay

Cell viability was determined by MTT assay. MTT (3-(4, 5-dimethylthiazol-2-
y1)-2,5-diphenyltetrazolium bromide) is a yellow water-soluble tetrazolium salt. The dye
is converted to water-insoluble purple formazan on the reductive cleavage of its
tetrazolium ring by the succinate dehydrogenase system of the active mitochondria.

Hence, the amount of formazan formed can be determined spectrophotometrically and
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serves as an estimate of the number of mitochondria and hence the number of living cells
in the sampl€66).

Cells were seeded at a density 2 % délIs/well in a 96-well plate and treated as
described in 2.1, 2.2 and 2.3. After treatment, the cells were incubated with MTT (final
concentration 1 mM) for 4 hours at 37°C and then addedul60ODMSO to solubilize
formazan crystals. Cell viability was determined by using a microplate reader (Biorad,
model 3550) at 570 nm (630 reference filter). The cellular reductiodTof, which
reflects metabolic activity and viability, was expressed in term of relative cell viability as

compared to that in untreated control.

2.1 Effect of 4-HNE on ECV-304 cells

To examine the role of 4-HNE on ECV-304 cells, subconfluent (90%)
monolayers of ECV-304 cells were incubated with various concentrations of 4-HNE (O,

5, 10, 20 and 40M) and cell viability was evaluated after 24 hours by MTT assay.

2.2 Effect of asiaticoside on ECV-304 cells

To investigate whether asiaticoside has cytotoxic effect to ECV-304 cells,
subconfluent (90%) monolayers of ECV-304 cells were treated with various
concentrations of asiaticoside (0, 5, 10, 100 and 2B and viable cells were

determined after 24 hours by MTT assay.

2.3 Effect of antioxidantson 4-HNE induced cytotoxicity

To determine the role of antioxidants on 4-HNE induced cytotoxicity,
subconfluent (90%) monolayers of ECV-304 cells were co-treated with antioxidants,
NAC (1 mM) or GSH (1 mM), and 20M of 4-HNE and cell viability was analyzed after
24 hours by MTT assay.
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2.4 Effect of asiaticoside on 4-HNE induced cytotoxicity

To investigate the role asiaticoside on 4-HNE induced cytotoxicity,
subconfluent (90%) monolayers of ECV-304 cells were co-treated with various
concentrations of asiaticoside (0, 5, 10, 100 andydPand 20uM of 4-HNE and cell
viability was measured after 24 hours using MTT assay.

3. Measurement of apoptotic and necrotic cells

Apoptosis was determined by using Hoechst 33342 dye. Hoechst 33342 is a
noncytotoxic DNA dye that preferentially binds to triplet adenine and thymine base pairs
in the minor groove outside of the double helix. Nuclear morphological changes of
apoptotic cells were assessed by using the fluorescent dye Hoechs{&3342

Propidium iodide (Pl) is a nucleic acid stain usually used as a counterstain in
multicolor fluorescent techniques. Since Pl is membrane impermeant, it is also used to
detect necrotic cells in culture. When the cell membrane is disrupted, it leaks into the cell
and binds to DNA and RNA and, therefore, only necrotic cells fluoresdé8gd

Cells were seeded at a density 2 % délls/well onto 96-well plate and treated as
described in 3.1, 3.2 and 3.3. After treatment, the cells were stained with Hoechst 33342
(final concentration 1@M) and PI (final concentration 1,0M) for 30 minutes in dark.
Fluorescence images were recorded using fluorescence microscope (model IX51,
Olympus, Tokyo, Japan). Images were acquired using a 40x objective. The apoptotic
cells were expressed in term of the percentage of cells having intensely condensed
chromatin and/or fragmented nuclei. The necrotic cells were expressed in term of the
percentage of cells fluorescing red. At least three replicate wells were analyzed for each
treatment of five random fields in each well.
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3.1 Deter mining apoptotic and necrotic changes of 4-HNE

To evaluate the role of 4-HNE, subconfluent (90%) monolayers of ECV-304
cells were treated with various concentrations of 4-HNE (0, 5, 10, 20 aud)énd cell

death was determined after 12 hours by using Hoechst 33342 and PI staining.

3.2 Deter mining apoptotic and necrotic changes of asiaticoside

To examine whether asiaticoside could induce cell death, subconfluent (90%)
monolayers of ECV-304 cells were treated with various concentrations of asiaticoside (0,
5, 10, 100 and 20QM) for 12 hours and then death mechanism was analyzed by using
Hoechst 33342 and PI staining.

3.3 Effect of antioxidants on 4-HNE induced apoptosis and necrosis

To determine the role of antioxidants on 4-HNE induced cell death,
subconfluent (90%) monolayers of ECV-304 cells were co-treated with antioxidants,
NAC (1 mM) or GSH (1 mM), and 4-HNE (2M) and cell death was evaluated after 12
hours by using Hoechst 33342 and Pl staining.

3.4 Effect of asiaticoside on 4-HNE induced apoptosis and necrosis
To investigate the role of asiaticoside on 4-HNE induced cell death,
subconfluent (90%) monolayers of ECV-304 cells were co-treated with various
concentrations of asiaticoside (0, 5, 10, 100, 200 and 4-HNE (20uM) for 12 hours
and then death mechanism was determined by using Hoechst 33342 and PI staining.

4. Assay of ROS formation

Intracellular ROS formation was measured by fluorescence using 2,77 —

dichlorodihydrofluorecein diacetate (DCEBA), a dye that permeates cells where it is
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trapped as the deesterified free acid, which can react with ROS to form a highly
fluorescent 2,7’ — dichlorofluorecein (DCE)7).

Cells were resuspended in ice cold PBS at a density 5*xcdl/ml and
incubated with DCFKHDA at a final concentration of pM for 30 minutes. Then, cells
were washed twice with ice cold PBS to remove extracellular DA and
resuspended in PBS. Different agents, which described in 4.1, 4.2 and 4.3, were added in
each samples at 37°C. The fluorescence was immediately analyzed by flow cytometry
usinga 488 nm excitation beam and a 538 nm band-pass filter (FACGSston
Dickinson, Rutherford, NJ) with CellQuest software (Becfiokinson). The DCF
fluorescence intensity, which reflects intracellular ROS level, was expressed in term of

relative DCF fluorescence as compared to that in untreated control.

4.1 Effect of 4-HNE on intracellular ROS formation in ECV-304 cells

Intracellular ROS level was determined in the function of time and dose. For
time dependent study, subconfluent (90%) monolayers of ECV-304 cells were incubated
with 20 uM of 4-HNE at various incubation times (0, 30, 60 and 120 minutes) in serum-
free medium. At each time point, the intracellular ROS level was determined using flow
cytometer and DCFHDA as described.

For concentration dependent study, subconfluent (90%) monolayers of ECV-
304 cells were treated with various concentrations of 4-HNE (0, 5, 10, 20 auhd)46r
120 minutes in serum-free medium. Then, the intracellular ROS level was determined
using flow cytometer and DCFRHDA as described.

4.2 Effect of antioxidants on 4-HNE induced intracellular ROSformation in
ECV-304 cdlls

To investigate the role of antioxidants on 4-HNE induced intracellular ROS
generation, subconfluent (90%) monolayers of ECV-304 cells were co-treated with
antioxidants, NAC (1 mM) or GSH (1mM), and 4-HNE (g®) for 120 minutes and
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intracellular ROS level was measured by using flow cytometer and RORHas

described.

4.3 Effect of asiaticoside on 4-HNE induced intracellular ROS formation in
ECV-304 cdlls

To examine the role of asiaticoside on 4-HNE induced intracellular ROS
formation, subconfluent (90%) monolayers of ECV-304 cells were co-treated with
asiaticoside (0, 5, 10, 100 and 204) and 4-HNE (2QuM) and intracellular ROS level
was measured after 120 minutes by using flow cytometer and PDBHs described.

5. Analysis of theintracellular ROS level

Intracellular ROS formation was determined by fluorescence using 2',7' —
dichlorodihydrofluorecein diacetate (DCEFBA), a dye that permeates cells where it is
trapped as the deesterified free acid, which can react with ROS to form a highly
fluorescent 2',7’ — dichlorofluorecein (DCK27). Intracellular DCF fluorescence was
visualized by fluorescence microscopy.

Cells were seeded at a density 2 % délis/wel onto 96-well plate and incubated
with DCFH-DA at a final concentration of §M for 30 minutes. After 30 minutes,
different agents, which described in 3.1, 3.2, 3.3 and 3.4, were added in each samples at
37 °C. Fluorescence images were recorded using fluorescence microscope (model 1X51,
Olympus, Tokyo, Japan). Images were acquired using a 10x objective. At least three
replicate wells were analyzed for each treatment of five random fields in each well.

5.1 Effect of 4-HNE on intracellular ROS formation in ECV-304 cdlls
Intracellular ROS level was determined in the function of time and dose. For

time dependent study, subconfluent (90%) monolayers of ECV-304 cells were treated

with 20 uM of 4-HNE at various incubation times (0, 30, 60 and 120 minutes) in serum-
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free medium. At each time point, the intracellular ROS level was visualized by
fluorescence microscopy as described.

For concentration dependent study, subconfluent (90%) monolayers of ECV-
304 cells were treated with various concentrations of 4-HNE (0, 5, 10, 20 aquhd) 46r
120 minutes in serum-free medium. Then, the intracellular ROS level was visualized by
fluorescence microscopy as described.

5.2 Effect of antioxidants on 4-HNE induced intracelular ROSformation in
ECV-304 cdlls

To determine the role of antioxidants on 4-HNE induced intracellular ROS
generation, subconfluent (90%) monolayers of ECV-304 cells were co-treated with
antioxidants, NAC (1 mM) or GSH (1mM), and 4-HNE (g®1) and the intracellular

ROS level was visualized after 120 minutes by fluorescence microscopy as described.

5.3 Effect of asiaticoside on 4-HNE induced intracellular ROS for mation in
ECV-304 cdlls

To investigate the role of asiaticoside on 4-HNE induced intracellular ROS
generation, subconfluent (90%) monolayers of ECV-304 cells were co-treated with
various concentrations of asiaticoside (0, 5, 10, 100 andu®@)Cand 4-HNE (20uM)
and the intracellular ROS level was visualized after 120 minutes by fluorescence
microscopy as described.

6. Statistics

Data were expressed as means = standard error of mean (S.E.M.). The
reproducibility of the results was confirmed at least three independent sets of
experiments. Data shown in figures were from a representative set of experiments. All
data represent at least three independent experiments and were expressed as the mean +

S.E.M. unless otherwise indicated. Differences between groups were analyzed using one
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way analysis of variance (ANOVA) followed by Tukey’s test for multiple comparisons.
Groups were considered to show statistically significant difference R-tredue was less

than 0.05. All statistic data were analyzed by SPSS Statistics Base 17.0 (Network license
which purchased by Chulalongkorn University).

7. Experimental Design

The methods were designed as the following. Cell viability was detected by using
MTT assay. Death mechanism was analyzed by fluorescence microscopic assay staining
with Hoechst 33342 and PI. Intracellular ROS formation was visualized by fluorescence
microscopic assay staining with DCEFBA and measured by flow cytometric analysis
using DCFH-DA.

The study was divided into 5 parts as follows:

Determining cytotoxic effect of 4-HNE on ECV-304 cells

Determining cytotoxic effect of asiaticoside on ECV-304 cells

Determining effect of 4-HNE on intracellular ROS formation in ECV-304 cells

Determining effect of asiaticoside on 4-HNE induced cell death in ECV-304 cells

a k~ w0 Dnh P

Determining effect of asiaticoside on 4-HNE induced intracellular ROS formation
in ECV-304 cells



CHAPTER IV
RESULTS

1. Cdll viability assay

The effect of substance on cell viability was determined in ECV-304 cells by
using MTT assay, in which the mitochondrial dehydrogenase function in viable cells was
detected.

1.1 Effect of 4-HNE on ECV-304 cell survival.

To investigate the role of 4-HNE on cell viability, ECV-304 cells were treated
with various concentrations of 4-HNE (0-4®) and cell viability was determined after
24 hours by MTT assay. As shown in Figure 8, low concentrations of 4-HNE {(DHLO
did not cause significant toxicity P 0.05) on ECV-304 cells. High concentrations of
4-HNE, 20uM and 40uM, caused a concentration-dependent decrease in cell viability

with approximately 0.61 and 0.28 of the remained viable cells.

1.2 Effect of asiaticoside on ECV-304 cell survival.

To investigate whether asiaticoside has an effect on ECV-304 cell viability,
cells were treated with various concentrations of asiaticoside (0:800and cell
viability was determined after 24 hours by MTT assay. The results indicated that
asiaticoside at concentrations ranging from 0-20@ did not show significant toxicity
(P > 0.05) on ECV-304 cell survival (Figure 9), while asiaticoside at the concentrations
of 400 uM and 800uM significantly reducedR < 0.05) relative cell viability to 0.26 +
0.02 and 0.02 £ 0.00, respectively.
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1.3 Effect of antioxidants on 4-HNE induced cytotoxicity

To provide supporting evidence for the involvement of ROS in the 4-HNE
cytotoxicity, ECV-304 cells were incubated with the toxic concentration of 4-HNE (20
uM) in the presence or absence of antioxidants (NAC 1 mM or GSH 1 mM) and analyzed
for cell survival by MTT assay. 4-HNE at the concentration ofu®0 significantly
decreasedH < 0.05) relative cell viability to 0.41 + 0.02. Addition of NAC or GSH
significantly attenuatedP(< 0.05) the toxic effect of 4-HNE with cell viability back to
0.91 £ 0.01 and 0.85 + 0.01, respectively, which was nearly equal to the untreated control
(2.00 = 0) (Figure 10).

1.4 Effect of asiaticoside on 4-HNE induced cytotoxicity

To investigate whether asiaticoside could inhibit toxic effect of 4-HNE in
these cells, ECV-304 cells were treated with toxic concentration of 4-HNEVRM the
presence or absence of asiaticoside (0t2@Pand cell survival was determined after 24
hours using MTT assay. The addition of asiaticoside clearly protected ECV-304 cells
from 4-HNE induced cell death. The relative cell viability ofy®d 4-HNE treated cells
was 0.34 + 0.01, while addition of asiaticosideid, 10 uM, 100 uM, or 200 puM
increased cell viability of ECV-304 to 0.61 + 0.00, 0.61 £ 0.01, 0.74 £0.01 and 0.77 £
0.01, respectively (Figure 11).
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Figure 8 Effect of 4-HNE on cell viability. Cells were incubated with various
concentrations of 4-HNE (0-4@M) for 24 hours and the cell viability was measured by
MTT assay. The results were expressed as mean + S.E.M. of relative cell viability
determined from three independent experiments. Statistical significanBex *0.05

versus untreated control analyzed by repeated measure ANOVA and Tukey’s post test.
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Figure 9 Effect of asiaticoside on cell viability. ECV-304 cells were incubated
with various concentrations of asiaticoside (0-880 for 24 hours and the cell viability
was measured by MTT assay. The results were expressed as mean + S.E.M. of relative
cell viability determined from three independent experiments. Statistical significaRce: *
< 0.05 versus untreated control analyzed by repeated measure ANOVA and Tukey’s post

test.
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Figure 10 Effect of antioxidants on 4-HNE induced cytotoxicity. The cells were
co-treated with antioxidant, NAC (1mM) or GSH (1mM), and 4-HNE (RD). After 24
hours, the cell viability was measured by MTT assay. The results were expressed as mean
+ S.E.M. of relative cell viability determined from three independent experiments.
Statistical significance: P < 0.05 versus untreated controRP# 0.05 versus 4-HNE (20
uM) treated group analyzed by repeated measure ANOVA and Tukey'’s post test.
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Figure 11 Effect of asiaticoside on 4-HNE induced cytotoxicity. The cells were
co-treated with asiaticoside (0-2Q) and 4-HNE (20uM) for 24 hours. The cell
viability was measured by MTT assay. The results were expressed as mean + S.E.M. of
relative cell viability determined from three independent experiments. Statistical
significance: *P < 0.05 versus untreated controlP#< 0.05 versus 4-HNE (20M)

treated group analyzed by repeated measure ANOVA and Tukey'’s post test.
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2. Detection of apoptosis and necrosis

The cell death mechanisms, apoptosis or necrosis, by which substance-induced

cytotoxicity was characterized using Hoechst 33342 and PI staining assay.

2.1 4-HNE induced apoptosis and necrosis

To investigate cell death mechanisms in response to 4-HNE induced
cytotoxicity, ECV-304 cells were incubated with various concentrations of 4-HNE (0-40
uM) and cell death was evaluated after 12 hours using Hoechst 33342 and PI staining
assay. Approximately 12% and 8% of the treated cells showed apoptotic and necrotic
morphology after exposure with 201 4-HNE, respectively (Figure 12B).

The nuclear morphological analysis of untreated control and 4-HNE treated

cells were shown in Figure 12A.

2.2 Effect of antioxidants on 4-HNE induced cell death

To establish the correlation between 4-HNE induced cell death and ROS
formation, ECV-304 cells were incubated with the toxic concentration of 4-HNEM20
in the presence or absence of antioxidants (NAC 1 mM or GSH 1 mM) and analyzed for
cell death by Hoechst 33342 and PI staining assay. Cell apoptosis was significantly
increased (12.15 £+ 1.09 %P < 0.05) in response to the treatment of &0 4-HNE.
Addition of NAC or GSH significantly attenuated® (< 0.05) 4-HNE effect with
decreased apoptosis to 4.17 + 0.62 and 3.82 + 1.26, respectively. In case of necrosis,
addition of NAC or GSH significantly decreasdti{ 0.05) necrotic cells to 3.14 + 1.24,
3.73 £ 1.08, as compared to the incubation with 4-HNE alone (7.79 + 0.10%) (Figure
13B).

The nuclear morphological analysis of untreated control, 4-HNE treated cells

and 4-HNE with antioxidant co-treated cells were shown in Figure 13A.
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2.3 Effect of asiaticoside on 4-HNE induced cell death

To investigate whether asiaticoside could induce cell death, ECV-304 cells
were incubated with various concentrations of asiaticoside (Qi20@nd cell death was
determined by using Hoechst 33342 and PI staining assay. Exposure with asiaticoside (0-
200uM) alone induced neither apoptosis nor necrosis in ECV-304 (Figure 14A, 14B).

To investigate whether asiaticoside could inhibit 4-HNE induced cell death,
ECV-304 cells were treated with toxic concentration of 4-HNE [0 in the presence
or absence of asiaticoside (0-20) and apoptosis and necrosis were evaluated after 12
hours incubation using Hoechst 33342 and PI staining assay. Addition of asiaticoside
clearly protected ECV-304 cells from 4-HNE induced apoptosis. Importantly, 4-HNE at
the concentration of 20M caused 12.15 + 1.09 % cell apoptosis, which was significant
decreasedH < 0.05) in response to 8V, 10 pM, 100 uM, and 200uM of asiaticoside
co-treatment with apoptotic cell death 5.88 + 0.60 %, 5.74 £ 1.09 %, 6.17 =+ 1.01 % and
6.19 + 0.91 %, respectively. However, asiaticoside did not alter 4-HNE induced necrosis
(Figure 15B).

The nuclear morphological analysis of untreated control, 4-HNE treated cells

and 4-HNE with asiaticoside co-treated cells were shown in Figure 15A.
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Figure 12 4-HNE induced ECV-304 apoptosis and necrosis. (A.) Cells were
incubated with various concentrations of 4-HNE (Oad0) for 12 hours. Morphology of
cell was analyzed by staining with Hoechst 33342 and Pl and fluorescence images were
recorded using fluorescence microscope. (B.) Cell morphology detected by Hoechst
33342 and PI staining assay. The results were expressed as mean + S.E.M. of percentage
of apoptosis (solid columns), percentage of necrosis (empty columns) determined from
three independent experiments. Statistical significanc®. € 0.05 versus untreated
control (apoptosis), *P < 0.05 versus untreated control (necrosis) analyzed by repeated
ANOVA and Tukey’s post test.
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Figure 13 Effect of antioxidants on 4-HNE induced apoptosis and necrosis. (A.)
The cells were co-treated with antioxidant, NAC (1mM) or GSH (1mM), and 4-HNE (20
uM) for 12 hours. Morphology of cell was analyzed by staining with Hoechst 33342 and
Pl and fluorescence images were recorded using fluorescence microscope. (B.) Cell
morphology detected by Hoechst 33342 and PI staining assay. The results were expressed
as mean = S.E.M. of percentage of apoptosis (solid columns), percentage of necrosis
(empty columns) determined from three independent experime8tatistical
significance: *P < 0.05 versus untreated control (apoptosidy, # 0.05 versus 4-HNE
(20 uM) treated group (apoptosis), P < 0.05 versus untreated control (necrogg)p <
0.05 versus 4-HNE (2(M) treated group (necrosis) analyzed by repeated ANOVA and
Tukey’s post test.
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Figure 14 Effect of asiaticoside on induction of apoptosis and necrosis. (A.) The
cells were incubated with various concentrations of asiaticoside (QAPér 12 hours.
Morphology of cell was analyzed by staining with Hoechst 33342 and PI and
fluorescence images were recorded using fluorescence microscope. (B.) Cell morphology
detected by Hoechst 33342 and PI staining assay. The results were expressed as mean *
S.E.M. of percentage of apoptosis (solid columns), percentage of necrosis (empty
columns) determined from three independent experiments.



(A)

Hoechst 33342 o
staining PI staining

untreated control untreated control

20 pM 4-HNE

+ 5 pM asiaticoside

+ 10 pM asiaticoside

+ 100 pM asiaticoside + 100 pM asiaticoside

+ 200 pM asiaticoside

42



43

(B.)

*k

6 *¥ *&

Percentage of nuclei

2
o M - I

4-HNE (uM) 0 20 20 20 20 20
0

Asiaticoside (pM) 0 5 10 100 200

Figure 15 Effect of asiaticoside on 4-HNE induced apoptosis and necrosis. (A.)
The cells were co-treated with asiaticoside (5-200 and 4-HNE (2QuM) for 12 hours.
Morphology of cell was analyzed by staining with Hoechst 33342 and PI and
fluorescence images were recorded using fluorescence microscope. (B.) Cell morphology
detected by Hoechst 33342 and PI staining assay. The results were expressed as mean +
S.E.M. of percentage of apoptosis (solid columns), percentage of necrosis (empty
columns) determined from three independent experiments. Statistical significdhee: *
0.05 versus untreated control (apoptosisi # 0.05 versus 4-HNE (20M) treated
group (apoptosis), *P < 0.05 versus untreated control (necrosig)P < 0.05 versus 4-
HNE (20 uM) treated group (necrosis) analyzed by repeated ANOVA and Tukey’s post

test.
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3. Assay of intracellular ROS

The intracellular ROS level was determined by ROS-specific DdFA
fluorescence dye and analyzed with flow cytometry. In addition, the intracellular DCF

fluorescence was visualized by fluorescence microscopy.

3.1 Measurement of intracellular ROS generation induced by 4-HNE

3.1.1 Time dependent study

To examine the time-course profile of 4-HNE induced ROS
generation, ECV-304 cells were incubated with toxic concentration of 4-HNENM20
for various incubation times (0-120 min). At each time point, intracellular ROS was
measured by using flow cytometry and DGHPA. As shown in Figure 16A and 16B,
there was gradually increased in relative DCF fluorescence from 30 minutes (1.36 = 0.05)
to 120 minutes (1.77 £ 0.09).

The time course profile of 4-HNE induced intracellular ROS was
further examined by visual analysis using fluorescence microscope. As shown in Figure
16C, the DCF intensity of 4-HNE treated cells gradually increased and reached its

maximum level at 120 min.

3.1.2 Concentration dependent study

ECV-304 cells were treated with various concentrations of 4-HNE
(0-40 uM) and intracellular ROS was measured after 120 minutes by using flow
cytometry and DCFHKHDA. The concentrations of 4-HNE at 10, 20 amd 4@
significantly increasedR < 0.05) intracellular ROS generation as determined by the
increase in the relative DCF intensity to 1.26 + 0.05, 1.38 + 0.07, 1.46 = 0.03,

respectively, as compared to untreated control. (Figure 17A, 17B)
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To further examine the 4-HNE induced intracellular ROS
production, the intracellular ROS formation was visualized by using fluorescence
microscopy. As indicated in Figure 17C, 4-HNE enhanced intracellular DFC fluorescence

as compared to untreated control.

3.2 Effect of antioxidants on 4-HNE induced intracellular ROS generation

To examine whether the antioxidants effectively inhibited 4-HNE induced
intracellular ROS formation, the intracellular ROS formation in response to the
antioxidants was determined at 120 minutes by using D&M fluorescence dye and
flow cytometry. As illustrated in Figure 18A and 18B, the cells incubated with 4-HNE
(20 uM) dramatically increased DCF intensity to 1.38 + 0.07. Addition of antioxidant,
NAC (1 mM) or GSH (1 mM), almost reduced DCF intensity to the control level. The
antioxidant NAC completely inhibited 4-HNE induced ROS formation with decreased
DCF intensity to 0.91 + 0.08 as well as GSH decreased DCF intensity to 0.90 £ 0.12.

The effect of antioxidants on 4-HNE induced intracellular ROS formation was
further investigated by visual analysis using fluorescence microscope. As shown in
Figure 18C, exposure of cells to NAC or GSH with 4-HNE revealed a decrease in the

intensity of DCF fluorescence.

3.3 Effect of asiaticoside on 4-HNE induced intracellular ROS generation

To determine whether asiaticoside could inhibit intracellular ROS generation
induced by 4-HNE, ECV-304 cells were treated with toxic concentration of 4-HNE (20
uM) in the presence or absence of asiaticoside (020 and the intracellular ROS
formation was determined at 120 minutes by D&BA fluorescence dye and flow
cytometry. Addition of 20QM asiaticoside reduced the DCF intensity to 2.30 + 0.14 as
compared to 4-HNE treated cells (3.43 + 0.21) (Figure 19A, 19B).

The effect of asiaticoside on 4-HNE induced intracellular ROS formation was

further examined by visual analysis using fluorescence microscope. As illustrated in
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Figure 19C, exposure of cells to asiaticoside with 4-HNE revealed a reduction in the

intensity of DCF fluorescence.
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Figure 16 Time-course profile of ROS formation in 4-HNE treated cells. (A)
The cells were incubated with 4-HNE (20M) at various incubation times (0-120
minutes). The intracellular ROS level was determined by using RCAHfluorescence
dye stain and analyzed by flow cytometry. The results were expressed as mean + S.E.M
of relative DCF fluorescence determined from three independent experi@etistical
significance: * P < 0.05 versus untreated control analyzed by repeated ANOVA and
Tukey’s post test. (B) The graphs are representatives of 4-HNE mediated ROS formation
at 120 minutes. (C) Fluorescence micrographs of intracellular ROS generation in ECV-
304 cells treated with 4-HNE (20M) at various incubation times (0-120 minutes).
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Figure 17 Effect of 4-HNE on ROS formation in ECV-304 cells. (A) The cells
were incubated with various concentrations of 4-HNE (Q#) for 120 minutes. The
intracellular ROS level was determined by using D&BA fluorescence dye stain and
analyzed by flow cytometryThe results were expressed as mean + S.E.M ofvelati
DCF fluorescence determined from three independent experiments. Statistical
significance: *P < 0.05 versus untreated control analyzed by repeated ANOVA and
Tukey’s post test. (B) The graphs are representatives of 4-HNE induced ROS generation.
Cells were incubated with 4-HNE (2QM) for 120 minutes. (C) Fluorescence
micrographs of intracellular ROS generation in ECV-304 cells treated with various
concentrations of 4-HNE (0-4@M) for 120 minutes.
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Figure 18 Effect of antioxidants on 4-HNE induced ROS formation in ECV-304
cells. (A) The cells were co-treated with antioxidants, NAC (1mM) or GSH (1 mM), and
4-HNE (20uM) for 120 minutes. The intracellular ROS level was determined by using
DCFH,-DA fluorescence dye stain and analyzed by flow cytometry. The results were
expressed as mean * S.E.M of relative DCF fluorescence determined from three
independent experiments. Statistical significanc® % 0.05 versus untreated control,

# P < 0.05 versus 4-HNE (20M) treated group analyzed by repeated ANOVA and
Tukey's post test. (B) The graphs are representatives of the inhibition effects of
antioxidant on 4-HNE induced ROS generation. Cells were co-treated with antioxidant,
NAC (ImM) or GSH (1 mM), and 4-HNE (20M) for 120 minutes. (C) Fluorescence
micrographs of intracellular ROS generation induced by 4-HNEup in ECV-304

cells in the presence or absence of antioxidants (NAC, 1 mM or GSH, 1 mM) and 4-HNE
for 120 minutes.
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Figure 19 Effect of asiaticoside on 4-HNE induced ROS formation in ECV-304
cells. (A) The cells were co-treated with various concentrations of asiaticoside (0-200
uM), and 4-HNE (20uM) for 120 minutes. The intracellular ROS level was determined
by using DCFH-DA fluorescence dye stain and analyzed by flow cytometry. The results
were expressed as mean + S.E.M of relative DCF fluorescence determined from three
independent experiments. Statistical significand@:<*0.05 versus untreated controR#
< 0.05 versus 4-HNE (20M) treated group analyzed by repeated ANOVA and Tukey’'s
post test. (B) The graphs are representatives of the inhibition effects of asiaticoside on 4-
HNE induced ROS generation. Cells were co-treated with asiaticoside208nd 4-
HNE (20 uM) for 120 minutes. (C) Fluorescence micrographs of intracellular ROS
generation in ECV-304 cells co-treated with various concentrations of asiaticoside (0-200
uM), and 4-HNE (2QuM) for 120 minutes.



CHAPTER YV
DISCUSSION AND CONCLUSION

A major finding of this study was that 4-HNE exerted a toxic effect on ECV-304
cells in a concentration dependent manner, as determined by MTT assay, Hoechst 33342
and PI staining assay. Exposure of ECV-304 cells to 4-HNE resulted in a dramatic
increase in intracellular ROS level, which led to cell apoptosis and necrosis. Moreover,
the involvement of ROS generated by 4-HNE and its cytotoxic effect were established by
which addition of antioxidants, NAC or GSH, dramatically blocked 4-HNE induced ROS
up-regulation as well as cell death.

Several studies have indicated the role of 4-HNE, a major product of lipid
peroxidation, as a strong oxidaf@4-28). Moreover, a number of studies reported that
4-HNE plays an important role in many pathological conditions, such as c@fcer
neurodegenerative diseagéd, 23) and vascular diseas€} 4, 57). Indeed, 4-HNE has
been found after lipid peroxidation of the cell membrane. Together with these findings,
the possible underlying mechanisms of 4-HNE in regulation of pathological processes
may cause by its ability to propagate and increase oxidative stress in surrounding tissues
and cells. ROS have been shown to be implicated in several vascular disorders, including
hypertension (69), diabetes (70), atherosclerosis(71, 72). Since, the molecular
mechanism and its exact role of 4-HNE on vascular cell damage have not yet been clearly
elucidated, the aim of this study is to identify the regulatory mechanism of 4-HNE and its
implication in ECV-304 endothelial cells.

To investigate the cytotoxicity of 4-HNE on ECV-304 cells, MTT assay was
performed. MTT assay is colorimetric assay and is widely used for study of cell viability
and cell proliferation as well as cytotoxicity. This assay measures the metabolic activity
of mitochondrial dehydrogenase enzymes in viable cells. The present study showed that
4-HNE caused a significant decrease in cell viability in concentration dependent manner
(Figure 8).

To confirm cytotoxic effect of 4-HNE and to provide more information about cell

damage, cell death detections were further performed. Apoptosis and necrosis were
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identified as two major mechanisms of cell death and were linked to several pathological
processe§73-76). These events have distinct mechanisms with very different cellular and
biologic characteristics. Apoptosis is a normal occurrence in which an orchestrated
sequence of events leads to the death of a cell. Apoptosis is defined by characteristic
changes in the nuclear morphology, including chromatin condensation (pyknosis) and
fragmentation (karyorrhexis); minor changes in cytoplasmic organelles; and overall cell
shrinkage, blebbing of the plasma membrane and formation of apoptotic bodies that
contain nuclear or cytoplasmic material (7% contrast to apoptosis, cells that die in
response to severe and acute injuries or extreme physicochemical injuries exhibit very
different morphological changes, referred as necrosis. Typically, the morphological
changes of the cells that undergo this process include cell swelling; formation of
cytoplasmic vacuoles; distended endoplasmic reticulum; formation of cytoplasmic blebs;
condensed, swollen or ruptured mitochondria; disaggregation and detachment of
ribosomes; disrupted organelle membranes; swollen and ruptured lysosomes; and
eventually disruption of the cell membra(®9). Based on these distinctions, various
methods have been developed to identify cells undergoing apoptosis and necrosis.
Among these, the usefulness of the Hoechst 33342 and propidium iodide staining assay
for studying apoptosis and necrosis, respectively, have been demonstrated in a number of
previous studies. Hoechst 33342, a cell permeable DNA dye, is a widely accepted method
to detect DNA condensation as well as fragmentation, important features of apoptotic
cells (78). Propidium iodide (PI), a cell impermeable dye, was used to identify necrotic
cells due to PI's property which penetrate only membrane-damaged cells, an important
characterization of necrotic cel[89). The present study showed that 4-HNE was able to
induce both apoptosis as well as necrosis in ECV-304 cells (Figure 12).

Recently, the possible mechanism of 4-HNE induced cell death has been proposed
by Lee, J.Y., et al(28). They showed that vascular smooth muscle cell generated high
level of intracellular ROS from mitochondria after treatment with 4-HNE and these
intracellular ROS were responsible for cell death. Consistent with the previous report, the
present study found the involvement of ROS in 4-HNE mediated cell damge in
endothelial ECV-304 cells. Nevertheless, only apoptotic cell death was detected in

response to low concentration of 4-HNE (i) in vascular smooth muscle cell reported
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by Lee, J.Y., et &28), whereas, 1QM of 4-HNE induced both apoptosis and necrosis in
ECV-304 cells in this study. Many studies indicated the widely accepted concept that a
low intracellular ROS level generally leads to cell apoptosis and a high intracellular ROS
level caused cell necrosis. Thus, it was suggested that antioxidant machinery in these two
cells (vascular smooth muscle cell and endothelial cell) may differ. Many cellular
enzymes have been shown to implicate in ROS reducing mechanisms, for example,
catalase, superoxide dismutase, glutathione peroxid2se3he expression levels of
these antioxidant enzymes are likely to determine the susceptibility of cells to ROS
induced cell damage. Hence, the necrotic cell death at low concentration of 4-HNE (10
uM) in ECV-304 cells may reflect the lower antioxidant system, as compared to the
vascular smooth muscle cells.

4-HNE induced intracellular ROS generation has been reported by many research
groups (24-28); however, its oxidant effect in vascular ECV-304 cells is still largely
unknown. The present study demonstrated that there was an increase of intracellular ROS
level, in response to 4-HNE in both concentration and time dependent manner, evaluated
as an increased intensity of DCF fluorescence (Figure 16, 17).

The present study also determined the correlation between 4-HNE cytotoxicity
and its oxidant effect. Co-treatment with pan antioxidant (NAC or GSH) and 4-HNE
resulted in an increase in cell viability, analyzing by MTT assay (Figure 10). Moreover,
addition of antioxidant decreased intracellular ROS induced by 4-HNE (Figure 18), and
subsequently reduced cell death (Figure 13), suggesting a strong correlation between
ROS up-regulation and 4-HNE cytotoxicity.

Centella asiatica (Buabok) is claimed to posses several pharmacological
activities, such as, anti-inflammato(39), memory improvemen(0, 31), and anticancer
activity(32). Its major active components are triterpene saponins, asiaticoside and
medecassoside, and their aglycones, asiatic acid and medecas¢§8®addiaticoside,
the most abundant triterpene glycosideGn asiatica, was shown to have several
potential pharmacological properties, including anxiol{i2), wound healind40), and
antioxidant(41). In the present study, asiaticoside significantly protected ECV-304 cells
from 4-HNE induced cell damage (Figure 11). However, the Hoechst 33342 and PI

staining assays indicated that only apoptotic cell death could be reduced by the addition
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of asiaticoside (Figure 15). Moreover, these results showed that protective effect of
asiaticoside was not related to its antioxidant property, since asiaticoside at the
concentration of 10Q0M showed a higher protective effect than the concentration at 10
uM, while, there was no significant difference in antioxidant effect between
concentration at 1@M and 100uM of asiaticoside. Besides, there were no significant
alterations in apoptotic and necrotic cell detection in response to the co-treatment of 4-
HNE and various concentration of asiaticoside (5-20K0). These results suggested that
antioxidant effect of asiaticoside may not play a critical role on its protective mechanisms
against 4-HNE induced ECV-304 cell damage.

In conclusion, the present study provided the evidence that the intracellular ROS
generated by 4-HNE was strongly responsible to its cytotoxic effects. Moreover,
asiaticoside, a major component@dntella asiatica, showed a strong protective effect
against 4-HNE induced ECV-304 cell death. However, the precise mechanism by which

asiaticoside in protection of 4-HNE induced cytotoxicity remains to be defined.
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APPENDIX A
PREPARATION OF REAGENTS

4-HNE stock solution

To prepare a stock solution 10 mM, 31.@40of 4-HNE (32.0102 mM) was
diluted with 68.76. of DMSO (used within 3 months).

Asiaticoside stock solution

To prepare a stock solution 12.5 mM, asiaticoside powder 6 mg was solubilized
well in PBS 500 ml.

MTT solution

To prepare MTT solution at concentration 48.27 mM, MTT powder 3 mg was
solubilized well in DMSO 15Qu.

Hoechst 33342 stock solution

To prepare a stock solution 5 mM, Hoechst 33342 powder 3.08 mg was
solubilized well in PBS 1 ml.

Pl stock solution

To prepare a stock solution 5 mM, Pl powder 3.34 mg was solubilized well in
PBS 1 ml.
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DCFH»-DA stock solution

To prepare a stock solution 5 mM, DCFBA powder 2.43 mg was solubilized
well in DMSO 1 ml.
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APPENDIX B
POSTER PRESENTATION

This research work was presented as a poster presentation, entitled
PROTECTIVE EFFECTS OF ASIATICOSIDE AGAINST 4-HYDROXYNONENAL
INDUCED ECV-304 CELL DAMAGE, at % BUU Grad. Research Conference, Burapha
University, Chonburi, on March 13 2009. The poster numbers of participants was
P-063.
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INTRODUCTION

4-HNE, the most abundant aldehyde product
of lipid peroxidation, was shown to exert several
effects on pathological processes including,
artherosclerosis and vasculitis. Tts effects were
shown to be associated with an ability to induce
intracellular reactive oxygen species (ROS)
generation (Uchida, 2003).

Asiaticoside, a major active compound found in
Centella asiatica (L.) urban (Umbelliferae), has
been shown to enhance antioxidant levels (Shukla,
et. al., 1999). However, effects and mechanisms
regarding asiaticoside in protection 4-HNE-induced
endothelial cells death are still unknown.

In the present study, we elucidate the effects
of 4-HNE and its underlying mechanisms in
endothelial cell ECV-304. Additionally, we
studied the protective effect of asiaticoside|

against 4-HNE toxicity in these cells. )

RESULTS & DISCUSSION

1. 4-HNE induces cell death in endothelial
ECV- 304 cells and its pro-oxidant effect.

To investigate the role of 4-HNE, endothelial cells
were treated with various concentrations of 4-HNE
(0-40 puM) and cell viability was determined after
24 hour by MTT assay. 4-HNE treatment caused
dose-dependent decrease in cell survival as compared
to untreated control (Figure 1). We also investigated
whether 4-HNE had an ability to up-regulate ROS in
these cells. The treatment of 4-HNE increased
intracellular ROS level as shown in Figure 2.

2. Antioxidants 19!(}1 -HNE induced toxicity in
ECV—304 cells.

,_Jn_provlde sﬂppo@’@or the involvement
in the 4-HNE %toxwlty, we treated
/gd ia celld with the toxic concentration of 4-HNE
in ence or absence of ant‘oxkdants and analyzed
/‘29/: urvival by MTT assay. 4-HNE (20 pM)
/ﬁc tly ased cell viability as compared to
/{fn Af‘ddmon of antioxidant, NAC or
;/ slroﬁgly mlﬁblted 4-HNE induced cytotoxicity,
/suggestmg ‘the m olvement of ROS on this process
éufe 3)“\,\/ / {

Aslatxeoslde gtotecfs against 4-HNE induced
Ecv-eﬁm o,Qll-de;th X

~co-treated with  various

/ o ECV 304 werc
(0-200 M) and toxic

Qf’ i ids
colm'ﬂ&'ﬂﬂfl(m pM). The asiaticoside
significantly attenvated cytotoxic effect caused by
4-HNE (Flgu:e 4). These data indicated that asiaticoside
has a promising vascular protectlve effec /t which may be
developed to be used th ar  disease

-
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Figure 1.

Figure 2.

Untreated control

T w e
DCF Fluorescence Inensity

Figure 3.

Figure 4.




69

ﬁ—ﬂn.__h-@
o £y
£ %,
L ] L]
e %
y ) c%
& S
P aupns®

DR8I »\aqma@a@.ﬁﬁs

N@UD TR
oORATH YTOEESY

Wiam e winahevenidsy (wnli@ne?)

Biorsk

-~ o oS

BNV TR 976 4
B 3IMANPIGHYTHN, 1IUGH GORGAIBYT
13 3BOPY 2552

7@OFTI@NTIGITE WTLTINN Vel
T@0@T IO

By el Y




70

Vita
Mr. Visarut Buranasudja was born on May 12, 1984 in Bangkok. He received his
B.Sc. in Pharmacy f1class honor) from the Faculty of Pharmaceutical Sciences,
Chulalongkorn University in 2006. Currently, he works as an instructor of Department of
Pharmacology and Physiology, Faculty of Pharmaceutical Sciences, Chulalongkorn

University.



	Cover (Thai)
	Cover (English)
	Accepted
	Abstract (Thai)
	Abstract (English)
	Acknowledgements
	Contents
	Figures
	Abbreviations
	Chapter I Introduction
	Chapter II Literature review
	Chapter III Materials and methods
	Chapter IV Results
	Chapter V Discussion and conclusion
	References
	Appendices
	Vita

