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Preface

Lipid peroxidation is an important cellular process which can lead to detrimental

effects if it is not regulated efficiently. It may also be one of determinants of

the shelf life and/or quality of food and as such important in everyday life on a

number of levels. Lipid hydroperoxide (ROOH) is formed in an initial step of

non-enzymatic lipid peroxidation or it is enzymatically generated by lipoxygenases.

Lipid hydroperoxide is also known as a potential source of singlet oxygen.

Generally speaking, harmful aldehydes are formed when the lipid hydroperoxide

is degraded. The formed aldehyde has high reactivity against thiol or amine

moieties. Therefore, it could act as a signaling molecule, which might induce a

changing of gears inside a cell. Among the aldehydes, the reactivity and chemistry

of 4-hydroxy-2-nonenal and malondialdehyde have been well researched. On the

other hand, recent studies have shown that lipid hydroperoxide or a slightly

modified product of the lipid hydroperoxide reacts with biomolecules such as

proteins and aminophospholipids, which leads to formation of amide-type adducts.

The detailed chemical mechanism which leads to the formation of amide-type

conjugates is still unknown. Amide-type adducts could be one of the markers for

oxidative stress causing food deterioration and could also be an important player in

some diseases. In this book, the chemistry and biochemistry of lipid hydroperoxide

along with their conjugates with biomolecules are described.

There are three major parts in this book. Part I, entitled “Lipid Peroxidation and

Small Molecule Adducts”, consist of six chapters. This focuses basic studies on

generation of singlet oxygen from lipid hydroperoxide, cholesterol oxidation, and

some adducts between lipid peroxidation products and biomolecules. The contents

of the chapters are so-called molecular-basis studies. As Part II, the relationship

between lipid peroxidation and diseases are shown in five chapters. As a patho-

physiological consequence, adducts between lipid peroxidation products and bio-

molecules are formed under a high dose of oxidative stress and might contribute

v



to the initiation/development/progression of diseases. The final Part III describes

the application for diagnosis, including a novel protein chip technology, and also

for development of functional food.

I’m deeply indebted to authors in this book for their contributions. I hope that

this book lightens some novel aspects on research of lipid peroxidation.

School of Human Science and Environment Yoji Kato

University of Hyogo

Himeji, Hyogo, Japan
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Chapter 1

Lipid Hydroperoxides as a Source of Singlet

Molecular Oxygen

Sayuri Miyamoto and Paolo Di Mascio

Abstract Lipid hydroperoxides (LOOH) are formed in biological system by

enzymatic and non-enzymatic pathways. These hydroperoxides exerts multiple

damaging effects on cellular macromolecules and are also important regulators of

cellular processes. Several classes of hydroperoxides including fatty acid, phos-

pholipid, cholesterol and cholesteryl ester hydroperoxides have been detected and

characterized both in vitro and in vivo. Although cells are normally endowed with

enzymatic defenses capable to reduce LOOH to less reactive hydroxides, LOOH

may accumulate in several pathological conditions and attention has been focused

on elucidating their pathophysiological role. In the last years we have demonstrated

the generation of singlet molecular oxygen (O2
1Δg or 1O2) in several reactions

involving LOOH. The generation of 1O2 was directly evidenced by spectroscopic

detection and characterization of its light emission at 1,270 nm. Moreover, using

18-oxygen labeled hydroperoxides (L18O18OH) we could detect the formation of
18O-labeled 1O2 by chemical trapping with anthracene derivatives followed by

detection of the corresponding labeled endoperoxides by HPLC coupled to tandem

mass spectrometry. The experimental evidences indicate that 1O2 is generated at a

yield close to 10 % by the Russell mechanism from LOOH, either free or in

membranes, in the presence of biologically relevant oxidants, such as metal ions,

peroxynitrite, HOCl and cytochrome c.
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• Luminescence
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1 Introduction

Lipid hydroperoxides (LOOH) are the primary products of lipid peroxidation and

singlet molecular oxygen (O2
1Δg or

1O2) mediated oxidation (Girotti 1998). They

can also be formed by the action of enzymes such as lipoxygenase and cyclooxy-

genase (Schneider et al. 2007). Several types of LOOH were characterized, among

which the most studied are the hydroperoxides of polyunsaturated fatty acids,

phospholipids, cholesterol and cholesteryl esters.

Once formed, LOOH can undergo reactions which reduce and/or increase its

toxicity (Girotti 1998).

Usually, most LOOH formed in cells are reduced to the corresponding alcohols by

antioxidant enzymes (Ursini and Bindoli 1987), however, in situations where oxida-

tive stress prevails, the LOOH can accumulate and participate in secondary reactions.

For example, LOOH reacts with metal ions and other oxidants being converted to

peroxyl (LOO•) and/or alkoxyl (LO•) radical intermediates. These radicals can attack

other lipids promoting the propagation of lipid peroxidation. Alternatively, they

participate in reactions involving cyclizations and fragmentations to generate second-

ary products such as aldehydes, ketones, and epoxides (Esterbauer et al. 1991).

Furthermore, LOO• may also react with another LOO• generating 1O2 by means of

the Russell mechanism (Russell 1957; Howard and Ingold 1968; Miyamoto

et al. 2007) and this aspect is described in details in this chapter.

2 Biological Sources of Singlet Oxygen

Several researchers have investigated the formation 1O2 in chemical and biological

system (Kanofsky 1989; Adam et al. 2005; Miyamoto et al. 2007). Among the

possible biological sources, we will discuss in details here the generation of 1O2

during phagocytosis, in photosensitized reactions and during lipid peroxidation.

The proposal of 1O2 formation as a microbicidal agent during the process of

phagocytosis was first suggested in 1972 based on luminescence studies (Allen

et al. 1972). Allen et al. observed the appearance of a luminescence after stimu-

lation of neutrophils with latex and attributed it to the radioactive decay of 1O2 to

the ground state. Later studies also observed the appearance of a weak lumines-

cence during phagocytosis (Cheson et al. 1976; Cadenas et al. 1981). Studies

conducted by Krinsky (1974) suggested the involvement of 1O2 in bacterial death.

They have noted that the mutant white bacteria lineage without carotenoids,

Sarcina lutea, died during phagocytosis more easily than the normal strains

containing carotenoids and attributed this difference to the physical suppression

of 1O2 mediated by carotenoids. A similar result was obtained by Tatsuzawa

et al. (1999) using strains of E. coli transformed to produce lycopene, a very

effective physical quencher of 1O2 (Di Mascio et al. 1989). They observed that

4 S. Miyamoto and P. Di Mascio



lycopene producing strain had a longer survival than the wild strain and con-

cluded that 1O2 might be produced during phagocytosis. Subsequently, Steinbeck

et al. (1992) showed the intracellular production of 1O2 in neutrophils using

particles coated with 9,10-diphenyl anthracene (DPA), a specific chemical trap

for 1O2, yielding the corresponding DPA endoperoxides Using this technique, the

authors reported a relatively high conversion rate of 19 % of the oxygen con-

sumed during phagocytosis to 1O2(Steinbeck et al. 1992).

Singlet molecular oxygen production during phagocytosis is primarily attributed

to reaction system comprising myeloperoxidase (MPO), H2O2 and chloride ions

(MPO/H2O2/Cl
�). MPO catalyzes the reaction of H2O2 producing HOCl (1.1),

which in turn reacts with H2O2 generating
1O2 (1.2). The formation of 1O2 by the

MPO/H2O2/Cl
� system was first proposed by Rosen and Klebanoff in 1977 (Rosen

and Klebanoff 1977), using furan as chemical trap for 1O2. In 1984, Khan confirmed

the formation of 1O2 by MPO/H2O2/Cl
� system through direct measurements of

light emission in the infrared region at 1,270 nm (Khan 1984). Later, Kiryu

et al. (1999) also demonstrated the production of 1O2 using physiological concen-

trations of MPO/H2O2/Cl
� by detecting the light emission band centered on

1,270 nm region, thus clearly evidencing the formation of 1O2 by this system.

H2O2 þ Cl� þ Hþ �!MPO
H2Oþ HOCl ð1:1Þ

HOClþ H2O2 ! 1O2 þ Cl� þ H2Oþ Hþ ð1:2Þ

Photosensitized generation of an activated state of oxygen was first suggested by

Kautsky (1939). The formation of 1O2 in this process was confirmed by Foote and

Wexler (1964; Foote 1968). The photooxidation process (1.3) starts with the

absorption of photons by the photosensitizer (1S) and its activation to a singlet

excited state (1S*). This state is rapidly converted to a longer lifetime species, the

triplet excited state (3S*), which can follow two distinct pathways, called type I and

type II. Type I involves electron transfer between the 3S* and a substrate generating

radical or radical ion species. Type II involves energy transfer from the 3S* to

triplet molecular oxygen yielding 1S and 1O2.

1S
hν

1S* 3S*

1O2

O2
1S + (Type II)

Radical or radical ions (Type I)
RH

ð1:3Þ

Photosensitized reactions in biological systems, usually involving 1O2, occur in

certain pathologies. An example is the porphyrias, innate or acquired diseases

related to defects in the biosynthesis of heme, which can result in excessive

production of porphyrins and its precursors. People with porphyria should not be

exposed to the sun, because the action of light on the porphyrins promotes excessive

1 Lipid Hydroperoxides as a Source of Singlet Molecular Oxygen 5



generation of 1O2 and other reactive species, resulting in ulceration of the skin.

Importantly, 1O2 generation can also occur by reactions involving other endoge-

nous photosensitizers such as bilirubin, the flavins (FMN, FAD), and pyridine

nucleotides (NADH, NADPH) (Carbonare and Pathak 1992). In contrast to the

deleterious effects of uncontrolled photosensitized reactions the controlled photo-

sensitization can be used in certain therapeutic treatments as in photodynamic

therapy (PDT). This therapy has been used for the treatment of tumors. Various

photosensitizing agents have been developed in order to increase the efficiency and

specificity of such PDT treatment. Basically, PDT consists in the application or

administration of a photosensitizing agent followed by activation of the agent by

light of a specific wavelength. This results in a photochemical sequence of events

involving the formation of reactive species such as 1O2 that can promote tumor cell

death (Dougherty et al. 1998).

In the search of other endogenous sources of singlet oxygen, studies have shown

that lipid peroxidation is usually accompanied by an emission of ultra-weak light

(Boveris et al. 1980; Cadenas and Sies 1984). This light emission was attributed to

the formation of excited species such as 1O2 and triplet carbonyl species formed

during lipid peroxidation process (Nakano et al. 1975). These studies have spurred

researchers to investigate the generation of 1O2 from lipid peroxidation and more

specifically from lipid hydroperoxides (Hawco et al. 1977; Kanofsky 1986;

Timmins et al. 1997).

The mechanism of 1O2 formation during lipid peroxidation was attributed to

reactions involving peroxyl radicals. In 1957, Russell proposed a mechanism in

which two peroxyl radicals would react to generate a linear tetraoxide

(ROOOOR) which undergoes decomposition yielding the corresponding ketone

(R═O), alcohol (R–OH) and molecular oxygen as final products (Russell 1957)

(1.4). About 10 years later, following the suggestion of Russell, Howard and

Ingold reported the formation of 1O2 in the reaction of sec-butylhydroperoxide
and cerium ions (Ce4+) and attributed it to the termination reaction of peroxyl

radicals (Howard and Ingold 1968). Russell drew attention to the fact that the

decomposition of the tetraoxide intermediate does not violate the rule of Wigner

spin conservation if dioxygen is eliminated in the singlet state, or if the carbonyl

product is eliminated in the triplet excited state. Quantitative studies on the

relative yields of these two excited species revealed that the yield of excited

triplet carbonyl is less than 0.01 % (Mendenhall et al. 1991), while the yield of
1O2 yield is around 10 % (Kanofsky 1986; Niu and Mendenhall 1992). Thus,

based on these studies it has been concluded that tetraoxide decomposition via a

cyclic mechanism yields 1O2 as the predominant excited specie. Additionally,

these studies also demonstrated that 1O2 is generated from primary and secondary

peroxyl radicals and not from tertiary peroxyl radicals, indicating that the require-

ment of α-hydrogen for 1O2 generation.

6 S. Miyamoto and P. Di Mascio



ROOH ROO• ROOOOR RO ROH O2

H

O O•

R2

R1

OR1

R2

H
HO

R1
R2

2

++ 1O2

O*
R1

R2

H
HO

R1
R2

++ O2

orH

O O

O

O H

R1
R2

R1

R2
2

H

O OH

R2

R1

ð1:4Þ

3 Singlet Molecular Oxygen Generation from Metal

Catalyzed Fatty Acid Hydroperoxide Decomposition

Free metals are usually found in extremely low concentrations in the body. However

oxidative stress promotes the mobilization of metals from proteins by mechanisms

that include oxidation of the Fe-S cluster by O2
•�, changes in the redox state of

proteins, heme protein oxidative modifications, among others (Imlay 2003). Metals

can catalyze the decomposition of LOOH to both alkoxyl (LO•) and peroxyl radicals

(LOO•). The catalysis mediated by metal depends on several factors such as pH,

solvent, and the ligands. Generally metals in their lower oxidation state (i.e. Fe2+)

leads to the formation of LO• (1.5), while metals in its higher oxidation state (Fe3+)

yields LOO• (1.6) (Gardner 1989).

LOOHþ Fe2þ ! LO� þ OH� þ Fe3þ ð1:5Þ
LOOHþ Fe3þ ! LOO� þ Hþ þ Fe2þ ð1:6Þ

Nakano et al. (1975) were among the first to suggest the formation of 1O2 in the

reaction of linoleic acid hydroperoxides (LAOOH) with cerium ion (Ce4+) by

measuring emission in the visible region. However they could not detect character-

istic emission bands for 1O2. In the same period, Hawco et al. (1977) also obtained

results suggesting the formation of 1O2 in the LAOOH reaction with Ce4+, methe-

moglobin or hematin using diphenylfuran as a chemical trap for 1O2. However,

diphenylfuran is a chemical trap with low specificity to 1O2 and their results were

subjected to several criticisms. Later, Kanofsky (1986) made more specific measures

of 1O2 in the reaction of LAOOH with Ce4+ by detecting the 1O2 monomolecular

emission at 1,268 nm in the infrared region. In accordance with these findings,

additional unequivocal evidences were obtained by our group, in which we confirmed

the generation of 1O2 in the reaction of lipid hydroperoxides and metal ions through

experiments involving direct detection of 1O2 by luminescence measurements in the

visible and near infrared region and by experiments using 18-oxygen labeled linoleic

acid hydroperoxides (LA18O18OH) (Fig. 1.1) (Miyamoto et al. 2003b). As will be

1 Lipid Hydroperoxides as a Source of Singlet Molecular Oxygen 7



discussed in the next sections, 1O2 is also formed in reactions involving lipid

hydroperoxides and other biologically relevant oxidants, such as, peroxynitrite,

HOCl and cytochrome c.

Direct evidences for the formation of 1O2 in the reaction of LAOOH with Ce4+

were obtained by detecting both visible (λ > 570 nm) (1.7) and infrared (λ ¼
1,270 nm) (1.8) light emission followed by the observation of azide quenching effect

(Miyamoto et al. 2003b). Moreover, 1O2 formation was further evidenced by the

acquisition of a light emission spectrum in the infrared region showing an emission

signal with maximum intensity at 1,270 nm, characteristic for the 1O2 monomolec-

ular decay.

2O2
1Δg

� � ! 2O2
3Σg

�� �þ hν λ ¼ 634 and 703 nmð Þ ð1:7Þ
O2

1Δg

� � ! O2
3Σg

�� �þ hν λ ¼ 1, 270 nmð Þ ð1:8Þ

Mechanistic aspects of the reactions were investigated using 18-oxygen labeled

linoleic hydroperoxides (LA18O18OH). These hydroperoxides were synthesized by

photooxidation under an atmosphere where 16-dioxygen (16O2) was completely

LC-MS/MS
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λ

Fig. 1.1 Scheme showing the generation of 18-oxygen labeled singlet molecular oxygen (18[1O2])

from 18-oxygen hydroperoxides of linoleic acid (LA18O18OH), cholesterol (Ch18O18OH) and

cardiolipin (CL18O18OH): (a) incubation of labeled hydroperoxides with metal ions, ONOO�,
HOCl or cytochrome c (cyt c) generating singlet molecular oxygen by the Russell mechanism;

(b) singlet molecular oxygen light emission measurements in the near-infrared region, showing a

characteristic spectrum with maximum emission at 1,270 nm; (c) singlet molecular oxygen chemical

trapping with the anthracene derivatives, anthracene-9,10-diyldiethyl disulfate (EAS) or DPA and

analysis by LC-MS/MS; (d ) and (e) detection of ketone and alcohols products by LC-MS/MS; and

( f ) and (g) analysis of peroxyl radicals directly by EPR or after reaction with DMPO by LC-MS/MS
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replaced by 18-dioxygen (18O2). Analysis by mass spectrometry (MS) confirmed

the successful incorporation of two 18-oxygen atoms in the hydroperoxide

(Fig. 1.2) (Miyamoto et al. 2003b, 2004). MS analysis revealed that the labeled

hydroperoxide was obtained at purity higher than 99 %. Using this labeled hydro-

peroxides and DPA as a 1O2 chemical trap we could detect the formation of labeled

endoperoxides (DPAxOxO, x ¼ 16 or 18) by HPLC coupled to tandem mass

spectrometry (HPLC-MS/MS) in the presence of Ce4+ or Fe2+.

Relative concentrations of fully labeled endoperoxide (DPA18O18O), partially

(DPA16O18O) and unlabeled endoperoxides (DPA16O16O) were affected by the

presence of dioxygen present in the reaction media. In fact, under aerated conditions

DPA18O18O concentration was relatively low. However, DPA18O18O yield was

increased by eightfold when the same reaction was conducted under completely

deaerated conditions. Several hypotheses have been raised to explain these results

(Miyamoto et al. 2003b). The most plausible ones were the oxygen exchange

mechanism between labeled peroxyl radicals and molecular oxygen (Chan

et al. 1979) yielding the unlabeled peroxyl radicals and the energy transfer mecha-

nism between 18-oxygen labeled 1O2 (
18[1O2]) and triplet molecular oxygen yielding

unlabeled 1O2 (
16[1O2]) (Martinez et al. 2004) (Fig. 1.3). Interestingly the detection of

DPA16O18O confirms the occurrence of the first hypothesis leading to the formation

of unlabeled peroxy radicals. The partially labeled 1O2 (
16–18[1O2]) is formed by the

combination of labeled and unlabeled peroxyl radicals. Despite of these intriguing

exchange mechanisms, our data clearly showed that 1O2 is formed from LOOH.

Besides labeled singlet oxygen detection, labeled alcohol and ketone products

(Fig. 1.1), the two major products expected to be formed by the mechanism proposed

by Russell were also detected by LC-MS/MS (Miyamoto et al. 2003b). Additionally,

experiments aiming to detect radical intermediates with the spin trap 5,5-dimethyl-1-

pyrroline -oxide (DMPO) showed the formation of DMPO-peroxyl radical adduct by

HPLC-MS/MS (Miyamoto 2005). Thus altogether our experiments clearly

OH

O

Linoleic acid (LA)

OH

OO
OH

18

18

OH

OO
OH

18

18

10-18O18OH

12-18O18OH

OH

OO
OH

18
18

OH

OO
OH18

18

9-18O18OH

13-18O18OH

18 [1O2]

Fig. 1.2 Structures of the four major 18-oxygen labeled linoleic acid hydroperoxides formed

during linoleic acid photooxidation in the presence of methylene blue and 18-dioxygen

atmosphere
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demonstrated the generation of 1O2 in the reaction of fatty acid hydroperoxides with

metal ions by a mechanism consistent with the one proposed by Russell.

To test the hypothesis that 1O2 can also be formed from fatty acid hydroperox-

ides esterified to phospholipids in membranes, we have investigated the generation

of 1O2 using liposomes enriched with phosphatidylcholine hydroperoxides. Indeed,

luminescence measurements showed a parallel increase in 1O2 formation with

increased percentages of hydroperoxides in liposome preparations, indicating that

phospholipid hydroperoxides in membranes are also potential sources of 1O2

(Miyamoto 2005).

4 Singlet Molecular Oxygen Generation in the Reaction

of Fatty Acid Hydroperoxides with Peroxynitrite

Peroxynitrite (ONOO�) is a powerful oxidant of biological relevance, which is

generated in cells or tissues by the fast reaction of NO and O2
•� (Beckman and

Koppenol 1996). Peroxynitrite promotes damage in a number of biomolecules,

including lipids, carbohydrates, proteins and DNA (Szabo et al. 2007). Their

reactions with biomolecules are basically divided in (i) direct reactions, in that

peroxynitrite itself or its protonated form reacts directly with the substrate, and

(ii) indirect reactions, in which the damaging reactions are mediated by free radicals

derived from peroxynitrite homolysis (HO• and NO2
•) or from its reaction with CO2

(CO3
•� and NO2

•) (Radi et al. 2001; Augusto et al. 2002).

O
18

O
18

O
18

O
18

O
16

O
16•

• •
•

•

R1 R2 R1 R2 R2R1

LA18O18O• LA16O16O•

R1: -(CH2)4CH3; R2: -(CH2)7COOH

16[1O2]18[1O2]

2

18-16[1O2]

16O2

16O2

16O2

2

Fig. 1.3 Exchange mechanism between labeled peroxyl radicals (LA18O18O•) and triplet state

dioxygen (16O2) yielding unlabeled peroxyl radicals (LA
16O16O•); and energy transfer mechanism

between fully and partially labeled singlet molecular oxygen (18[1O2] or
18-16[1O2]) and 16O2

yielding unlabeled singlet oxygen (16[1O2])
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Di Mascio et al. (1994, 1997) were the first to propose the formation of 1O2 in

reactions involving ONOO� and H2O2 or tert-butyl hydroperoxide. Later, Khan
et al. (2000) suggested that ONOO� decomposition generates 1O2 at stoichiometric

values. However, Martinez et al. (2000) and Merenyi et al. (1998) presented various

arguments, including thermodynamic calculations and experimental evidences

indicating that peroxynitrite could not yield 1O2 at such high yields. The most

plausible explanation for the observation of Khan is the reaction of ONOO� with

H2O2. Indeed, ONOO
� preparations usually contain relatively high amounts of

H2O2, and this could be the explanation for the high yields of 1O2 observed by

Khan. More recently, studies by our group using a synthetic salt of peroxynitrite,

(CH3)4[N]
+[ONOO]� (which was completely free from hydrogen peroxide),

showed that 1O2 can be directly formed from ONOO� under neutral to alkaline

pH by a mechanism involving peroxynitrate (O2NOO
�) formation (Gupta

et al. 2009; Miyamoto et al. 2009) (Fig. 1.4). However, again the yield of 1O2

observed for this type of reaction was less than 1 %. In conclusion the amount of
1O2 generated from ONOO� alone is very low but is largely increased in the

presence of H2O2 or ROOH.

Among different peroxides, lipid hydroperoxides can also react with ONOO� to

generate 1O2 (Miyamoto et al. 2003a). Considering that ONOO� attacks cell

membranes inducing lipid peroxidation and lipid hydroperoxide formation, this

reaction could be a potential source of 1O2 in biological media. Similarly to the

reactions of LOOH with metal ions, evidences showing the generation of 1O2 were

obtained by luminescence measurements in the red spectral region and in the near-

infrared region (Miyamoto et al. 2003a). Singlet molecular oxygen formation was

unequivocally demonstrated by the acquisition of the emission spectrum with a

band centered at 1,270 nm, as well as, by the detection of 18[1O2] in the reaction of

labeled linoleic acid hydroperoxides with ONOO�. The generation of 1O2 in this

reaction is mediated by radical intermediates generated from peroxynitrite (HO•,

NO2
• or CO3

•�) (Fig. 1.4) which are all thermodynamically capable to abstract a

ONOO–ONOOH
H+

pKa=6.8

NO  + O2

NO3

ONO HO+

[ONO OH]

1O2

CO2
[ONO OCO2 ]

CO3+

NO3 CO2+

ONO

ROOHROOH

O2NOO + NO2+H+ _ _

Fig. 1.4 Peroxynitrite formation and decomposition yielding intermediates capable to induce the

generation of singlet oxygen
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hydrogen atom from LOOH yielding peroxyl radicals, and subsequently 1O2 by the

Russell mechanism (Miyamoto et al. 2003a).

5 Singlet Molecular Oxygen Generation from the Reaction

of Fatty Acid Hydroperoxides and HOCl

HOCl is produced by phagocytes in the reaction of Cl� with H2O2 catalyzed by

MPO (Hampton et al. 1998; Klebanoff 1999). This enzyme is stored in high

concentrations in azurophil granules of neutrophils and is released into the

phagosome during phagocytosis. This process is accompanied by the activation

of NADPH oxidase with concomitant production of H2O2 which is used to produce

HOCl by MPO, an agent considered crucial in combating microorganisms (Hamp-

ton et al. 1998). However, excessive production of HOCl by MPO can cause tissue

damage (Winterbourn and Kettle 2000). HOCl is a highly reactive being capable to

promote damage to important biomolecules such as proteins, nucleic acids, lipids

and carbohydrates. Studies suggest that this process plays an important role in the

development of certain diseases such as atherosclerosis, chronic inflammation and

cancer (Podrez et al. 2000).

As mentioned above, HOCl reacts with H2O2 to generate stoichiometric quan-

tities form 1O2 (Khan and Kasha 1963). The first evidence of the formation of 1O2 in

this reaction was obtained by Seliger in 1960 (Seliger 1960). He observed a flash of

red luminescence with emission band centered at 634 nm. In 1963, Khan and Kasha

(1963), published a full spectrum for singlet oxygen emission generated from the

reaction of H2O2 with HOCl, showing emission bands at 634 and 703 nm. The

mechanism involved in the reaction of H2O2 and HOCl was studied in detail by

Cahill and Taube (1952). They conducted experiments using H2O2 enriched with

18-oxygen and demonstrated that both oxygens present on 1O2 were derived from

H2O2 and not from HOCl or water. In 1978, Held et al. (1978) suggested a

mechanism involving the nucleophilic attack of peroxide on chlorine atom of

HOCl, forming an unstable intermediate that decomposes yielding 1O2 (1.9).

1O2 + Cl− + H2OHO–Cl + −OOH [HO–Cl–OOH] ð1:9Þ

Alternatively to hydrogen peroxide, HOCl produced at inflammatory site can also

interact with hydroperoxides derived from lipid peroxidation or as a consequence of the

activation of lipoxygenase and cyclooxygenase enzymes. The generation of 1O2 by

LAOOH andHOClwas evidenced bymeasuring both the kinetics of the light emission

at 1,270 nmand the spectrumof the light emitted in the near-infrared region (Miyamoto

et al. 2006). The capacity of different organic hydroperoxides and hydrogen peroxide to

generate 1O2 upon reaction with HOCl was also compared. The highest yield of 1O2

was observed in the reaction of HOCl with H2O2, consistent with the stoichiometric

generation of 1O2 in this reaction. With LAOOH, the reaction with HOCl yielded
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approximately 14 % of 1O2. On the other hand,
1O2 was not formed in the reaction of

HOCl with tertiary hydroperoxides (t-butyl hydroperoxide and cumene hydroperox-

ide). This result is explained by the fact that tertiary hydroperoxides lacks the hydrogen
at carbon-α (hydrogen germinal to peroxyl group) that is essential for the generation of
1O2 by the Russell mechanism (Howard and Ingold 1968).

Additional direct evidence for the formation of 1O2 in the reaction of HOCl with

LOOHwas obtained by studies using 18-oxygen labeled linoleic acid hydroperoxides

(Miyamoto et al. 2006). Using LA18O18OH and EAS as a chemical trap for 1O2 we

could detect the formation of the corresponding labeled endoperoxides (EAS18O18O

and EAS18O18O) by LC-MS/MS analysis, indicating that 1O2 is directly derived from

the hydroperoxides (Fig. 1.1). Similar to the results observed with metal ions, the

yield of fully labeled endoperoxides increased significantly in the reaction conducted

under deaerated conditions, confirming the observations made with metal ions where

oxygen exchange and energy transfer mechanisms occur during the course of the

reaction. Nonetheless, these data together with the detection of peroxyl radicals by

EPR (Miyamoto et al. 2006), indicates that 1O2 is generated from the reaction of lipid

hydroperoxides with HOCl by the Russell mechanism (Fig. 1.1).

Studies were also conducted in order to verify 1O2 formation of HOCl in the

reaction with hydroperoxides of fatty acids esterified to phospholipids (Miyamoto

et al. 2006). Similarly to what we observed with metal ions, 1O2 was generated in

the reaction of HOCl with liposomes containing phosphatidylcholine hydroperox-

ides. This result is important from a biological standpoint, since it indicates that

HOCl also reacts with hydroperoxides in membranes yielding 1O2. Additionally,

considering that inflammatory processes are usually accompanied by lipid perox-

idation (Zhang et al. 2002) it is very likely that lipid hydroperoxides and HOCl are

produced at very close sites contributing to the generation of 1O2.

6 Singlet Molecular Oxygen Generation

from Cholesterol Hydroperoxides

Cholesterol is one of the major components of biological membranes. It has

essential functions in the physical properties of membranes and in the regulation

of multiple signaling pathways. The oxidation of cholesterol has been the subject of

considerable interest because of its relationship to various pathological conditions

such as atherosclerosis (Brown and Jessup 1999). Moreover, studies show a corre-

lation between the incidence of hypercholesterolemia and cardiovascular diseases

and neurodegenerative diseases (Casserly and Topol 2004).

The oxidation of cholesterol by reactive species produces various oxidized

products, including, hydroperoxides and aldehydes (Smith 1996; Girotti 1998). Its

formation may occur by enzymatic or non-enzymatic oxidation mechanisms

(Brown and Jessup 1999; Iuliano 2011). The enzymatic oxidation occurs mainly

during cholesterol metabolism by enzymes of the cytochrome P450 family (Iuliano
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2011). The non-enzymatic oxidation involves the action of free radicals such as,

peroxyl and hydroxyl radicals, and non-radical reactive species, such as, ozone and
1O2. Oxidation of cholesterol induced by free radicals yields primarily the 7α-OOH
and 7β-OOH products. On the other hand, 1O2 mediated oxidation yields primarily

the hydroperoxides, 5α-OOH and 6α-OOH and 6β-OOH (Girotti 1992). In addition

to these hydroperoxides, cholesterol oxidation induced by ozone and 1O2 yields two

aldehydes, 3β-hydroxy-5-oxo-5,6-secocholestan-6-al and 3β-hydroxy-5β-hydroxy-
B-norcholestane-6β-carboxaldehyde (Gumulka and Smith 1983; Wentworth

et al. 2003; Brinkhorst et al. 2008; Uemi et al. 2009). Two mechanisms were

proposed for the formation of these aldehydes. One is based on the Hock-cleavage

of 5α-OOH (Brinkhorst et al. 2008) and the other based on the formation and

decomposition of an 1,2-dioxetane intermediate at the Δ5 bond of cholesterol

(Uemi et al. 2009).

The possibility of cholesterol hydroperoxide decomposition to generate 1O2 in a

similar way to fatty acid hydroperoxides and phospholipid hydroperoxides has been

also studied. Singlet molecular oxygen generation was evidenced by light emission

measurements at 1,270 nm and by detecting 1O2 in the reaction of each cholesterol

hydroperoxide isomer (7α-, 6β-, and 5α-OOH) and Ce4+ (Uemi et al. 2011). Again,

to unequivocally prove the formation of 1O2 experiments were conducted with

18-oxygen labeled cholesterol hydroperoxides (Ch18O18OH) (Fig. 1.5). Using these

labeled hydroperoxides and DPA as a chemical trap it was possible to evidence the

formation of 18[1O2], thus clearly evidencing the generation of 1O2. Details of the

mechanism were investigated by analyzing the products formed in the reaction by

LC-MS/MS. Both 7α- and 6β-OOH yielded the corresponding alcohol and ketone

products, characteristic for the Russell mechanism. On the other hand, the 5α-OOH/
Ce4+ reaction yielded a different pattern of products, including the 5α-OH and the

7α-OH and 7α-keto products. This phenomenon was due to the occurrence of a

HO
R2

R1
HO 18O

18OH

HO
R2R1

R1 R2

18O18OH5α-18O18OH

7α-18O18OH

6α-18O18OH

6β-18O18OH 7β-18O18OH

7α-18O18OH H
18O18OHH

R1 R2

18O18OH H
18O18OHH

18[1O2]

Fig. 1.5 Structures of the 18-oxygen labeled cholesterol hydroperoxides (Ch18O18OH) synthe-

sized by photooxidation in the presence of methylene blue and 18-dioxygen atmosphere and the

generation of singlet molecular oxygen observed upon reaction with Ce4+
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rearrangement of the hydroperoxide/peroxyl group from C-5 to C-7 (Beckwith

et al. 1989) and explains why the tertiary hydroperoxide, 5α-OOH, was able to

generate 1O2.

Considering that cholesterol is especially enriched in lipid rafts and caveolaes,

the oxidation of cholesterol can yield hydroperoxides that maybe relatively highly

concentrated in these regions. Further reaction of these hydroperoxides involving

the formation of peroxyl radicals can produce 1O2. This hypothesis is supported by

data showing that cholesterol hydroperoxides incorporated to liposomal mem-

branes generates 1O2 (Uemi et al. 2011). In this context, 1O2 derived from choles-

terol hydroperoxides may play a role as mediators of protein modifications, in

particular by promoting modification in signaling proteins located at raft regions.

These hypothesis needs to be further investigated.

7 Singlet Molecular Oxygen Generation from Cardiolipin-

Cytochrome c Interaction

Cardiolipin (CL) is a phospholipid found exclusively in the inner mitochondrial

membrane (Daum 1985; Schlame et al. 2000). Cardiolipin interacts with several

proteins of the mitochondrial inner membrane, including several carriers of the

electron transport chain. Among them, the interaction with cytochrome c (cyt c) is

the best characterized and studied (Iverson and Orrenius 2004; Kagan et al. 2005).

It has been proposed that cardiolipin oxidation and the formation of cardiolipin

hydroperoxides (CLOOH) is a critical initial event responsible for the release of cyt

c (Shidoji et al. 1999; Petrosillo et al. 2001; Ott et al. 2002; Kagan et al. 2004). It is

believed that this release occurs due to the weakening of the hydrophobic/electro-

static resulting from the appearance of a polar hydroperoxide group in the fatty acyl

chain of cardiolipin.

The native form of cyt c with its heme group containing the six coordination

bonds does not have peroxidase activity. However, partial unfolding of cyt c

induced by denaturing agents such as guanidinium chloride, by chemical modifi-

cation of Met80, and by interaction with anionic phospholipids such as cardiolipin

results in increased peroxidase activity (Diederix et al. 2002). This increase in

peroxidase activity appears to be due to alteration of protein conformation and a

loss of coordination bonds of heme, specifically the interaction Fe-Met80, which

increases the accessibility of heme-iron to hydroperoxides (Tuominen et al. 2002).

Recently we have demonstrated that the interaction of CL with cyt c induces the

formation of 1O2 by a mechanism dependent on the electrostatic interactions of CL

and cyt c (Miyamoto et al. 2012). Evidences for the generation of 1O2 were obtained

by luminescence measurements at 1,270 nm and by chemical trapping experiments

using EAS. Singlet oxygen was generated at a yield of 15 % for membranes

containing tetralinoleoyl CL. This excited specie was not observed when cyt c

was incubated with membranes containing monounsaturated or saturated CL
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species, suggesting that 1O2 related to fatty acid oxidation promoted by cyt

c. Indeed, 1O2 formation was paralleled to CL consumption.

In analogy to the experiments done with fatty acid hydroperoxides, the contri-

bution of CL hydroperoxides for the overall mechanism of 1O2 generation was

investigated using liposomes supplemented with 18-oxygen labeled CL hydroper-

oxides (CL18O18OH) (Miyamoto et al. 2012). The generation of 1O2 directly from

initially present hydroperoxides was very low as evidenced by the weak lumines-

cence observed in the experiments where liposomes supplemented with 5 and 30 %

CLOOH. Indeed, time-dependent analysis of 1O2 by chemical trapping showed the

existence of at least two mechanisms leading to the formation of 1O2. One in which
1O2 is directly formed from CL18O18OH decomposition catalyzed by cyt c yielding

labeled peroxyl radicals and 18[1O2] (Fig. 1.6a). The other in which 1O2 was

produced after induction of CL peroxidation. Both mechanisms produce peroxyl

radicals that react by the Russell mechanism generating 1O2 (Fig. 1.6b, c). In

addition to the peroxyl radicals, we also obtained evidences indicating the forma-

tion of excited triplet carbonyl species. These species are known to contribute for

the generation of 1O2 by an energy transfer mechanism (Fig. 1.6b, c).

Overall, our data indicates that cyt c-CL interaction is a potential source of 1O2

and this excited specie maybe involved in the mechanism leading to cyt c release

and induction of cell death.

OO•

CL(OOH)

CL(OH)

CL(aldehydes)

etc.

Cyt c

Cytc

a

CL CLOO• Oxidized CL

2 CL18O18OH 2 CL18O18O•

1O2

18[1O2]

O2

O2

O*
R2

R1

O

R1

R2
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Russell mechanism

Energy transfer

Russell mechanism

b c

Fig. 1.6 Generation of singlet molecular oxygen by cyt c-CL system. Singlet molecular oxygen

can be directly generated from the decomposition of CL18O18OH catalyzed by cyt c-CL complex

(a). Alternatively, singlet molecular oxygen can also be produced by cyt c promoted oxidation

of CL, a process that involves the generation of peroxyl radicals (b). Carbonyl compounds

(e.g. aldehydes) (c). Peroxyl radicals generate singlet molecular oxygen by the Russell mecha-

nism. Carbonyl compounds are further metabolized by cyt c yielding excited triplet carbonyl

species (*) that generates singlet molecular oxygen by an energy transfer mechanism
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8 Conclusion

Lipid hydroperoxide toxicity is associated to the production of oxyl radicals and

aldehydes capable to induce covalent modifications in proteins and DNA. In

addition to these reactive species, LOOH decomposition also generates 1O2.

Since the first studies showing an association between lipid peroxidation and

ultra-weak light emission, much progress has been made on the identification of

the mechanisms responsible for this phenomenon. It is now clear that 1O2 is one of

the major species responsible for the emission of light. This excited specie is

produced from reactions involving a number of different LOOHs (e.g. fatty acid,

phospholipid and cholesterol hydroperoxides) and biologically relevant oxidants,

such as, metal ions, ONOO�, HOCl and cyt c. Among the strategies used to

demonstrate the generation of 1O2, the use of 18-oxygen labeled lipid hydroperox-

ides greatly contributed for the characterization of the reaction mechanisms and to

unequivocally demonstrate the generation of 1O2.
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Chapter 2

The Formation of Lipid Hydroperoxide-

Derived Amide-Type Lysine Adducts

on Proteins: A Review of Current Knowledge

Yoji Kato

Abstract Lipid peroxidation is an important biological reaction. In particular,

polyunsaturated fatty acid (PUFA) can be oxidized easily. Peroxidized lipids

often react with other amines accompanied by the formation of various covalent

adducts. Novel amide-type lipid-lysine adducts have been identified from an

in vitro reaction mixture of lipid hydroperoxide with a protein, biological tissues

exposed to conditions of oxidative stress and human urine from a healthy person. In

this chapter, the current knowledge of amide type adducts is reviewed with a focus

on the evaluation of functional foods and diseases with a history of discovery of

hexanoyl-lysine (HEL). Although there is extensive research on HEL and other

amide-type adducts, the mechanism of generation of the amide bond remains

unclear. We have found that the decomposed aldehyde plus peroxide combined

with a lysine moiety does not fully explain the formation of the amide-type lipid-

lysine adduct that is generated by lipid hydroperoxide. Singlet oxygen or an excited

state of the ketone generated from the lipid hydroperoxide may also contribute to

the formation of the amide linkage. The amide-adducts may prove useful not only

for the detection of oxidative stress induced by disease but also for the estimation of

damage caused by an excess intake of PUFA.

Keywords Lipid hydroperoxide • Amide-type adduct • Hexanoyl-lysine

• Propanoyl-lysine • Biomarker • Oxidative stress
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13-HPODE 13-hydroperoxyoctadecadienoic acid

BGK Benzoyl-glycyl-L-lysine

LC/MS/MS Liquid chromatography tandem mass spectrometry

SUL Succinyl-lysine

GLL Glutary-lysine

AZL Azelayl-lysine

PRL Propanoyl-lysine

HHE 4-hydroxy-2-hexenal

DHA Docosahexaenoic acid

KLH Keyhole limpet hemocyanin

BSA Bovine serum albumin

HEEA Hexanoyl-ethanolamine

8OxodG/8OHdG 8-oxo-deoxyguanosine

MRM Multiple reaction monitoring

LDL Low-density lipoprotein

MDA Malondialdehyde

CML Carboxymethyllysine

ACR Acrolein

CPT I Carnitine palmitoyltransferase I

1 Discovery of Novel Amide-Type Adducts in Lipid

Hydroperoxide-Modified Proteins

Lipid peroxidation is initiated by various factors such as metals, light, oxygen, and

enzymes accompanied by the subsequent formation of lipid hydroperoxides. The

peroxidation process is often described as a chain-reaction because of its charac-

teristics of serial oxidation. Lipid aldehydes, which are highly reactive toward

biomolecules, are formed as end-products of the lipid peroxidation process

(Esterbauer et al. 1991). Lipid hydroperoxides and aldehydes, including conjugates

with proteins and nucleic acids, are often detected in tissues in combination with

some diseases. The contribution of lipid peroxidation to the development and

initiation of diseases is still relatively unknown. Some lipid-derived oxidation

products, especially reactive aldehydes, act as signal molecules that may influence

certain processes inside a cell (Levonen et al. 2004). The biological function and

formation mechanism of novel amide-type adducts (Fig. 2.1) are not well under-

stood (Kato and Osawa 2010). Thus, in this chapter, I will focus on amide-type

adducts and describe the discovery of novel amide-type lipid-lysine conjugates.

1.1 History of HEL Identification as a Marker of n-6 PUFA
Oxidation

Originally, in the early 1990s, our group was interested in the formation of

aldehyde-independent fluorescent products by reaction of lipid hydroperoxide
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with amines such as ethanolamine. However, the amounts of fluorescent products

were quite low, making identification of the products difficult. It is noteworthy that

a recent study reported the identification and detection of some fluorophores

generated by lipid peroxidation (Riazy et al. 2011). To analyze the lipid

hydroperoxide-derived specific amine modification, an antibody to the modified

amine moiety was prepared. By using linoleic acid hydroperoxide-modified protein

as an immunogen, we obtained a polyclonal antibody (Kato et al. 1997) and,

similarly, another group prepared an antibody to a lipid hydroperoxide-modified

Fig. 2.1 Amide-adducts from n-6 and n-3 PUFA oxidation
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protein (Kim et al. 1997, 1999). In our group, an antigen was separated from a

reaction mixture of lipid hydroperoxide, 13-hydroperoxyoctadecadienoic acid

(13-HPODE), and benzoyl-glycyl-L-lysine (BGK), which was used as a model of

a peptidyl lysine residue. One of the isolates was identified as a novel type of

adduct, Nε-hexanoyl-lysine, named HEL, having an amide bond between the lysine

epsilon amine and the lipid-derived part. The HEL was detected for the first time in

a human atherosclerotic plaque using a specific polyclonal antibody to hexanoylated

protein (Kato et al. 1999). The presence of HEL in human urine was also confirmed

by liquid chromatography tandem mass spectrometry (LC/MS/MS) using a stable

isotope dilution method (Kato et al. 2004). After the discovery of HEL, we identified

some other amide-type lysine adducts including succinyl-lysine (SUL), glutary-

lysine (GLL), azelayl-lysine (AZL), and propanoyl-lysine (propionyl-lysine, PRL)

(Kawai et al. 2003a, b, 2004, 2006). These amide-type adducts can be classified into

an alkylamide-type adduct or a carboxyalkylamide-type adduct. The structures and

plausible sources are shown in Fig. 2.1. HEL was not recognized by the polyclonal

antibody that was prepared in 1997. We then identified the epitope of the polyclonal

antibody to linoleic acid hydroperoxide-modified protein as AZL, which contains the

carboxy-terminal moiety derived from oxidized linoleic acid (Kawai et al. 2003a).

We have also identified 4-hydroxy-2-nonenoyl lysine and used it as an antigen to

prepare a polyclonal antibody (unpublished result). In addition, a similar oxo-type

conjugate has been recently identified as a 4-oxo-2-nonenal-modified lysine

adduct (Zhu and Sayre 2007) and it has been used to prepare a specific antibody

(Shibata et al. 2011).

1.2 Identification of PRL as an Oxidation Marker for n-3
Fatty Acid

Ingestion of n-3 polyunsaturated fatty acid (PUFA) is often recommended because

it provides some beneficial biological activities (Calder 2012), such as promotion of

cardiovascular health and improvement of brain function. These functions are

partly due to the fact that the alkyl chain has many double-bonds, thus providing

it with flexibility. On the other hand, the double bonds in PUFA are easily oxidized.

The formation of an adduct between a reactive aldehyde, 4-hydroxy-2-hexenal

(HHE), and histidine residues has been used as a biomarker for n-3 PUFA oxidation

(Yamada et al. 2004). Neuroprostane, protectin, and resolvin are also generated

from n-3 PUFA by non-enzymatic oxidation or lipoxygenases (Levy 2010; Roberts

et al. 1998). An n-3 PUFA-derived alkylamide, PRL has been recently identified in

human urine (Hisaka et al. 2009). PRL can be categorized in a similar fashion as

other n-3 oxidation biomarkers. PRL is superior to other n-3 oxidation markers in

terms of its stability. In contrast, the PRL itself is not chemically reactive compared

with aldehydes such as n-3 derived HHE. However, the formation of the PRL
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residue might cause the aggregation of protein in vivo, which may lead to neuro-

degenerative diseases as discussed below.

2 Immunochemical Detection of HEL and Other

Amide-Type Adducts

Recently, there has been a gradual increase in reports of the detection of amide-type

adducts. In particular, HEL is described as one biomarker for oxidative stress (see

Sect. 5). The advantages of HEL as a marker of oxidative stress are its stability and

the feasibility of measurement/detection by a specific monoclonal antibody or a

commercial ELISA HEL kit. Another alkylamide-type adduct, PRL, has also been

detected in rabbit atherosclerotic plaques (Hisaka et al. 2009), the liver of an

aminoacetophenone-injected rat (Sun et al. 2012), and the hippocampus region of

the aged rat brain (Hisaka et al., manuscript in preparation) by immunological

methods. The carboxyalkylamide AZL was also identified in an atherosclerotic

plaque (Kawai et al. 2004) and SUL was found in the liver of mice fed with

docosahexaenoic acid (DHA) followed by injection of carbon tetrachloride

(Kawai et al. 2006). The immunohistochemical detection of lipo-oxidative stress

markers in a disease-state or model are discussed in the chapters by Sugiyama and

M. Naito, respectively. In these way, immunochemical methods (antibodies) are

useful to detect these adducts. In the following Sects. 2.1 and 2.2, the characteri-

zation of HEL monoclonal antibody is described in detail. PRL antibody and the

antibodies to other carboxyalkylamides are also discussed.

2.1 Preparation and Characterization of Antibodies to HEL
and Other Adducts

HEL and PRL residues in a protein can be chemically synthesized using the

commercially available anhydrates hexanoyl-anhydrate or propanoyl-anhydrate

through a coupling reaction with lysine residues. Hexanoic acid or propionic acid

can be also used for the preparation of amide-adducts by combination with

carbodiimide and succinimide, which is normally used for the conjugation of a

hapten against a carrier protein, such as keyhole limpet hemocyanin (KLH). A

polyclonal antibody to HEL was prepared by injection of hexanoylated KLH as the

immunogen into a rabbit (Kato and Osawa 2002). The antibody showed high

reactivity against HEL and, to a lesser extent, analogs of HEL with different lengths

of alkyl chain (Kato et al. 1999). Mouse monoclonal antibodies to HEL and PRL

were also prepared (Hisaka et al. 2009; Kato et al. 2000). To obtain a highly specific

antibody to an amide adduct, it was necessary to screen the antibodies based on

their reactivities toward hexanolyated or propanoylated bovine serum albumin
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(BSA) (Kato and Osawa 2009). The monoclonal antibody to the hexanoylated KLH

recognized HEL but also some related hexanoyl-compounds at high concentration

ranges including hexanoyl-glycine, hexanoyl-ethanolamine (HEEA), hexanoyl-

glucosamine, and hexanoyl-sphingosine (Fig. 2.2a, b). Thus, when the HEL mono-

clonal antibody is used to examine biological specimens, its cross-reactivity against

hexanoyl-compounds should be taken into consideration, in particular, HEEA,

which is formed from phosphatidyl ethanolamine exposed to n-6 lipid hydroperox-

ide (Tsuji et al. 2003). However, we have confirmed that the concentration of

HEEA in urine, determined by LC/MS/MS, does not interfere with the measure-

ment of urinary HEL. As shown in Fig. 2.3, both free HEL (Nε-HEL) and

Bz-Gly-HEL were recognized by the monoclonal antibody but the reactivity of

Bz-Gly-HEL was slightly higher than that of free HEL, suggesting that peptidyl-

HEL is more antigenic than the free HEL moiety. This is likely because the

immunogen was the hexanoylated protein and not the free HEL or

HEL-conjugated protein. In a pilot study, we found that urinary HEL tends to

increase when some diseases are present (Fig. 2.4). The antibody to HEL and an

ELISA kit are commercially available and the detailed information is discussed in

the chapter written by Sakai.

The preparation and characterization of PRL antibody, G811, has already been

discussed (Hisaka et al. 2009). Research has indicated that the HM6 clone produces

more specific antibody to PRL than the G811 clone does. Currently, the antibodies

are not commercially available but analysis of urinary PRL is available by using the

antibody on a “protein chip”. Detailed information on the protein chip is discussed

in the chapter written by Hoshino.

SUL, AZL, and GLL are classified as carboxyalkylamide type adducts and they

all have a terminal carboxylic acid (COOH). To prepare the antibody to AZL,

monomethylazelate was conjugated with a protein using carbodiimide and N-sulfo-

succinimide and the methyl moiety was then removed by treatment with a weak

alkaline solution (Kawai et al. 2004). The antibody to SUL was prepared using

succinate anhydrate (Kawai et al. 2006). We also prepared the antibody to GLL

(unpublished result) according to the method for AZL using monomethylglutarate

instead of monomethylazelate. Because most lipids are esterified in vivo, a speci-

men for immunohistochemical analysis has to be treated with alkaline or lipase,

which cleaves the ester-bond prior to determination of carboxyalkylamides (Kato

and Osawa 1998; Kawai et al. 2003a, 2004).

2.2 Method for Antibody Characterization

The preparation and characterization of a polyclonal antibody was previously

reported (Kato and Osawa 2002; Kato et al. 1999). The monoclonal antibody to

HEL was characterized as described previously (Kato et al. 2000). In brief, for the

competitive indirect ELISA, 50 μl of hexanoylated BSA (5 μg/ml phosphate-

buffered saline (PBS)) were pipetted into the wells and kept at 4 �C overnight. At
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the same time, 50 μl of antibody (0.5 μg/ml) and 50 μl of sample (competitor) were

mixed in a tube and reacted at 4 �C overnight. The plate was washed, blocked with

4 % Block Ace (Dainihon Seiyaku Co., Osaka, Japan), and 90 μl of the reacted

solution were then pipetted into a well and further incubated. The binding of the

Fig. 2.2 Reactivity of a monoclonal antibody against hexanoyl-lysine (HEL) in the presence of

hexanoylated compounds. (a) Structures of the competitors are indicated by the symbols. (b) The
reactivities were examined by indirect competitive ELISA. The plate was coated with

hexanoylated BSA (antigen) and then reacted with the antibody and samples including free

HEL. The binding of antibody to the immobilized antigen was evaluated by the use of a secondary

antibody conjugated with horseradish peroxidase. A detailed procedure is described in the text

Fig. 2.3 Comparison of the

reactivity between free

hexanoyl-lysine (HEL) and
peptidyl HEL

(Bz-Gly-HEL). The

reactivity was examined as

described in the legend for

Fig. 2.2. Blue circle, free
HEL (Nε-HEL); Red circle,
Bz-Gly-HEL
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residual antibody on the coated modified BSA was estimated using peroxidase-

labeled anti-mouse IgG antibody with o-phenylenediamine and hydrogen peroxide.

3 Chemical Analyses of HEL and Other Amide-Type

Adducts

To discern the exact amount of the alkylamide-type adducts HEL and PRL we used

LC/MS/MS with a stable-isotope dilution method (Hisaka et al. 2009; Kato and

Osawa 2009). Both HEL and PRL could be measured simultaneously by this

method. It is noteworthy that the chemical standards of HEL and PRL including

their stable isotopes for internal standards are not available from commercial

sources at the present time. These can be prepared by the conjugation of [2d2]

propionic acid or [2d11] hexanoic acid with lysine derivative as described previ-

ously (Kato et al. 2004; Hisaka et al. 2009). The amide adducts from biological

sources are often butylated and then analyzed (Hisaka et al. 2009). The derivatiza-

tion of an amide-adduct improves the separation of contents and also the sensitivity

for detection. By using a derivatization method, we found that the excretion of HEL

Fig. 2.4 A pilot study of

the measurement of urinary

HEL as a marker for

selected diseases. The HEL

was determined by a

commercial ELISA kit

using Bz-Gly-HEL as a

standard. Urinary creatinine

was estimated by a

creatinine-test WAKO kit
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and PRL into diabetic urine is higher than in healthy urine (Hisaka et al. 2009). The

amount of urinary HEL or PRL correlated with that of some oxidative stress

biomarkers such as 8-oxo-deoxyguanosine (known as 8OxodG or 8OHdG),

isoprostanes, dityrosine, and bromotyrosine. Free PRL in amniotic fluid was also

detected at approximately 4 nM (Yoji Kato and Josko Osredkar, unpublished

result). Recently, hexanoylation of Lys 91 in a chymotryptic digest of

β-lactoglobulin modified with linoleic acid, Fe(II), and ascorbate has been identi-

fied (Zhu et al. 2009). This indicates that the hexanoylation of lysine by a lipid

hydroperoxide on a protein may not be random.

4 Mechanism of Amide-Adduct Formation

The formation mechanism of the amide-linkage in an amide-adduct has not been

confirmed chemically. Baynes’s group has identified a hexanoyl-adduct of pyri-

doxamine and proposed the mechanism of formation (Metz et al. 2003; Onorato

et al. 2000). A 4-oxo-nonenal-derived amide adduct was identified but the mech-

anism could not be adapted to explain HEL generation (Zhu and Sayre 2007). The

novel pathway of HEL formation by incubation of hexanal with hydrogen peroxide

(or other peroxides) has been reported (Ishino et al. 2008). The proposed mecha-

nism for hexanoylated compounds is shown in Fig. 2.5. In the following Sects. 4.1

and 4.2, data will be presented that should prove useful for obtaining a better

understanding of the generation mechanism.

4.1 Mechanism of HEL Formation

Initial studies focused on understanding the formation mechanism of HEL from the

reaction of a lipid hydroperoxide with a protein (Kato et al. 1999). Pre-incubation of

13-HPODE before incubation with a protein or lysine resulted in a decrease in the

HEL adduct, indicating that decomposed products, such as aldehydes, might be not

a major precursor of HEL. We have recently undertaken some experiments that

investigate the generation mechanism and the results are shown hereafter. The

methods are shown in Sect. 4.2. In the study, the formation of HEL residues in

BSA exposed to 13-HPODEwas enhanced by the saturation of oxygen gas (O2) into

a buffer and suppressed by the saturation of nitrogen gas (N2) compared with a

control performed in air under normal atmospheric conditions (Fig. 2.6). More

interestingly, the formation rate from 0 to 8 h was hyperbolic, suggesting that

13-HPODE was transformed into an unknown precursor, for example, an excited

ketone state as discussed later, at an initial stage of the incubation. Although the

HEL residues were formed by the incubation of n-hexanal and hydrogen peroxide

with peptidyl lysine (Bz-Gly-Lys, BGK) as reported (Ishino et al. 2008), the amount

of HEL from the aldehyde plus peroxide system was 47-fold less than that from
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13-HPODE at the same concentration, 2.5 mM (Fig. 2.7). A similar result was also

obtained when a protein was incubated instead of the peptidyl lysine (data not

shown). Moreover, the amount of hexanal generation, which was evaluated by

derivatization of the aldehyde with 2,4-dinitrophenylhydrazine, was a few to

several μM during incubation of 2.5 mM 13-HPODE (data not shown). Thus, the

concentration of hexanal from decomposed 13-HPODE could not account for the

amount of HEL generated from the “solo” 13-HPODE system with the lysine

residue. Hence, the supplementation of hydrogen peroxide into the 13-HPODE

system did not enhance the HEL generation (Fig. 2.7). This might indicate that the

aldehyde plus peroxide pathway only minimally accounts for the HEL formation in

the reaction, at least, between the lipid hydroperoxide and lysine in vitro. It is

noteworthy that the result does not exclude the possibility of HEL generation from

hexanal with peroxide in vivo.

It has been reported that singlet oxygen is formed from lipid hydroperoxides and

oxidants via a Russell mechanism (Miyamoto et al. 2003) accompanied by the

formation of the excited state of the ketone moiety. These species may contribute to

the formation of amide-bond between lipid and lysine. Some types of

Fig. 2.5 Current proposed mechanisms of hexanoylation to an amine by lipid hydroperoxide or

hexanal
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benzaldehydes with a lysine peptide generate not only a Schiff-base but also

amide-type adducts without hydrogen peroxide at physiological conditions (Natsch

et al. 2012). The formation mechanism of the amide-bond is still unknown.

4.2 Method of Analyses of HEL Generation In Vitro

1. The effect of atmospheric conditions on HEL generation was examined as

follows. BSA (1 mg/ml) was incubated with synthetic 13-HPODE (2.5 mM) in

50 mM phosphate buffer, pH 7.2, in a test tube with a sealing cap. The phosphate

buffer was bubbled with oxygen (O2) or nitrogen (N2) gas prior to the addition of

BSA. After the addition of BSA and 13-HPODE into the buffer, the tubes were

saturated with each gas and then sealed tightly. An air sample was reacted under

normal atmospheric conditions. After reacting for up to 24 h, the sample was

purified by a spin column (Bio-Rad, P-6 microspin column) and the generation

of HEL was estimated by ELISA using the polyclonal antibody to HEL.

2. Comparison of HEL formation. The chemical formation of Bz-Gly-HEL from

Bz-Gly-Lys was examined by LC/MS/MS using multiple reaction monitoring

(MRM). The concentration of chemicals (13-HPODE, H2O2, and hexanal) was

unified at 2.5 mM each. Bz-Gly-Lys was incubated with the reagents in 50 mM

phosphate buffer, pH 7.2, at 37 �C for 24 h. The reacted samples were immedi-

ately injected into an HPLC connected with a API3000 tandem mass spectro-

photometer. HPLC separation was performed using a Develosil ODS-SR-5

column (2 � 150 mm, Nomura Chemical) at a flow rate of 0.2 ml/min with

Fig. 2.6 Effect of oxygen

on the formation of HEL in

a protein exposed to linoleic

acid hydroperoxide. Bovine

serum albumin (1 mg/ml)

was exposed to 2.5 mM of

13-HPODE in 50 mM

phosphate buffer under air,

O2, or N2. The lipo-

oxidative modification of

BSA was evaluated by

ELISA using a specific

antibody to HEL. The

detailed protocol is

described in the text
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Fig. 2.7 The amount of HEL generation was compared with “solo” lipid hydroperoxide and

aldehyde plus peroxide systems. Bz-Gly-Lys was exposed to 13-HPODE, and hexanal with or without

hydrogen peroxide. The formation of the hexanylated peptide, Bz-Gly-HEL, was estimated by liquid

chromatography tandem mass spectrometry. The detained procedure is described in the text
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isocratic elution using 0.1 % acetic acid/CH3CN (65/35). The formed

Bz-Gly-HEL was detected by MRM using the transition of 406/84 and 406/245.

5 Current Topics of Application of Measurements of HEL

and Other Markers In Vivo and Vitro

Since the discovery of HEL in 1999, the reports in the literature on HEL have

gradually increased (Fukuchi et al. 2008; Okada et al. 2012; Osakabe et al. 2002;

Ueno et al. 2002) as shown in Fig. 2.8. We have observed that HEL is stable in

cultured medium, and HEL is resistant to digestion by peptidases and proteases

(Kato et al. 2000) and proteinase K (unpublished results). Thus, because of its

stability in biological specimens, HEL is a valuable oxidative stress marker.

It is believed that atherosclerosis is induced by post-transitional modification,

especially oxidation, of low-density lipoprotein (LDL). Thus, inhibition of lipid

peroxidation in LDL particles may prevent the development of atherosclerosis.

Lipoprotein is one plausible target for adduct formation by lipid peroxidation,

amide and aldehyde-derived modifications. Indeed, HEL, PRL, and AZL were

immunochemically detected in atherosclerotic lesions (Fukuchi et al. 2008; Hisaka

et al. 2009; Kato et al. 1999; Kawai et al. 2004). There are many reports that

aldehyde-modified LDL was generated during in vitro oxidative modification of

LDL (Palinski et al. 1990; Uchida et al. 1994, 1998). We have also found that HEL

was increased with oxidation of LDL in vitro (Kato et al. 1999). We have also

compared the frequency of lipo-oxidative modifications using specific antibodies to

a 4-hydroxy-2-nonenal (HNE)-derived modification, a malondialdehyde (MDA)-

derived modification, carboxymethyllysine (CML) which is a marker of a glyoxal-

derived modification, an acrolein (ACR)-derived modification, and HEL. As shown

in Fig. 2.9, the formation rate of HEL in copper-oxidized LDL is more rapid than

the other aldehyde-derived modifications suggesting that HEL should be an earlier

and sensitive marker for oxidative modification of LDL. Taken together, this

supports the idea that HEL would be a useful marker for monitoring the develop-

ment of atherosclerosis and related diseases.

Food is a favorable way to introduce beneficial compounds into our body

because we ingest foods daily. An epidemiological study has shown the intake of

vegetables including flavonoids reduces the onset of cardiovascular diseases, which

is closely related with the development of atherosclerosis (Meir and Leitersdorf

2004). Apolipoprotein-E knock-out mice fed a diet of normal chow have athero-

sclerosis but the inclusion of cacao polyphenol extract in the diet reduced its

development (Weisburger 2001). We found that atherosclerotic lesions were

stained by the antibody to HEL and the staining and hence, number of lesions

was reduced by intake of cacao polyphenols. A more detailed description of the

application of HEL to other markers as a way to characterize functional food is

discussed in the chapter by Natsume. The intake of functional food reduced the
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Fig. 2.9 The formation of a lipo-oxidative modification in copper oxidized LDL was evaluated by

ELISA. Human LDL (0.25 mg/ml) was incubated with copper ion (50 μM) at 37 �C and the

reactions were terminated at the indicated times by the addition of butylated hydroxytoluene and a

metal ion chelator. The oxidized LDL was coated onto the plate and then treated with specific

antibodies. The color development is shown as the relative ratio because the extent of color

development does not indicate the amount of the compounds generated. The O.D. of HEL is the

strongest among the four antibodies when using the same antigen, oxidized LDL, but further

optimization of the procedure for each antibody should improve the color development

34 Y. Kato



development of lesions, supporting the idea that some food components actually

prevent the development of diseases (Duthie and Bellizzi 1999; Weisburger 2001).

HEL is also used as a marker of oxidative modification of muscle during exercise

(Minato et al. 2003). One of the proteins targeted by peroxidized lipid during

exercise was identified as carnitine palmitoyltransferase I (CPT I) and the supple-

mentation of astaxanthin protected the hexanoylation of CPT I (Aoi et al. 2008).

PRL is generated by the reaction between oxidized n-3 PUFA and a lysine

residue (Hisaka et al. 2009), but an enzymatic generation pathway is also possible

(Garrity et al. 2007). Among the n-3 PUFA, food-derived DHA is accumulated in

the brain through the blood brain barrier. The beneficial significance and require-

ment of DHA in neuronal cells are obvious but, on the other hand, DHA is highly

sensitive to oxidative stress. DHAmetabolome analysis in neural tumors shows that

17-hydroperoxy-DHA has significant cytotoxic potency (Gleissman et al. 2010).

DHA is also known to promote α-synuclein aggregation (De Franceschi

et al. 2011). These results suggest that the prevention of DHA peroxidation may

suppress neuronal diseases. In addition, resolvins or protectins, which are enzy-

matically generated from n-3 PUFA, are believed to be DHA-derived signaling

molecules (Fredman and Serhan 2011; Levy 2010; Uddin and Levy 2011), indicat-

ing that controlled oxidation of DHA is a critical event for living processes.

PRL is not only a possible stable marker for DHA oxidation in vivo, but also

may have biological activities. Indeed, a similar type of acylation, the acetylation

of lysine in histones has a critical role in DNA replication and repair (Das

et al. 2009). Lysine acetylation has also been observed in more than 20 % of total

proteins in mitochondria (Kim et al. 2006). Lysine propionylation in histone

and non-histone proteins believed to be a novel post-translational modification

(Chen et al. 2007; Cheng et al. 2009). Thus, propanoylation (propionylation) of

lysine in cellular proteins by enzymatic and also non-enzymatic reactions may have

critical biological effects. PRL generation in neurons may play an important role

in the pathogenesis of some neurodegenerative diseases (See the chapter by

Maruyama).

6 Closing Remarks

The overall scheme for amide-adduct formation is summarized in Fig. 2.10. PUFAs

are highly important molecules and have various beneficial functions. However,

they are easily oxidized, and the resulting oxidized lipids may react with other

biomolecules, such as proteins and aminophospholipids. There is no doubt of the

benefits of PUFA ingestion but an excess administration of PUFA, for example, by

supplementation, might induce the overproduction of biomolecules which contrib-

ute to oxidative stress. Although the generation mechanism of the amide-bond in

HEL and related amide adducts remains to be clarified, the identification and

characterization of amide-adducts may be useful for quantitating the oxidative

stress induced by disease, high amounts of exercise, and excess ingestion of PUFA.
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Chapter 3

Lipid Hydroperoxide-Derived Adduction

to Amino-Phospholipid in Biomembrane

Shinsuke Hisaka and Toshihiko Osawa

Abstract Phospholipids such as phosphatidylethanolamine and phosphatidylcholine

play crucial roles in the biological system to maintain the cellular environmental

condition. Despite that, oxidative stress targets these phospholipids containing poly-

unsaturated fatty acids and accompanies the oxidized phospholipids. Recent studies

have been suggested that oxidized phospholipids have the relationship with inflam-

mation and might induce the atherosclerosis formation by uptake of oxidized LDL

through scavenger receptor as ligands. Red blood cells, which have been studied the

bilayer model, are also modified by oxidative stress because hemoglobin can mediate

and produce the reactive oxygen species, which leads to lipid peroxidation of

biomembrane. In these oxidation processes of biomolecules, hexanoylation against

phosphatidylethanolamine and phosphatidylserine, which has the primary amine and

is the target of this modification, generates the oxidizedmembrane such as erythrocyte

ghosts. This unique structure of phosphatidylethanolamine and phosphatidylserine is

possibly the useful biomarker to evaluate the oxidation of biomembrane in vivo using
liquid chromatography tandem mass spectrometry and monoclonal antibody.

Keywords Oxidation • Lipid peroxidation • Aminophospholipid • Liquid

chromatography tandem mass spectrometry • Monoclonal antibody

1 Various Phospholipids in Biomembrane

Phospholipids are major components of cellular membranes which are essential for

the structural integrity and function of cells and construction of circulating plasma

lipoproteins. A ubiquitous phospholipid in the mammalian plasma membrane,
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phosphatidylethanolamine (PE) is among the highly abundant molecules in the

biological system (Rouser et al. 1971). Phosphatidylcholine (PC) is also major

phospholipid in mammalian membrane and is synthesized in the liver via the choline

pathway by methylation of PE via phosphatidylethanolamine N-methyltransferase

(Li et al. 2005). The ratio of PC to PE is important for membrane integrity in

the liver and the decrease of this ratio leads to liver failure into progression of

steatosis (Li et al. 2006). In contrast with these cationic phospholipids, the negative

surface charge of the inner leaflet of the plasma membrane determines the targeting

of proteins containing polycationic motifs (Mclaughlin and Murray 2005).

Although polyphosphoinositide content contributes to this unique negativity of the

plasmalemmal inner leaflet, in part, phosphatidylserine (PS) is the predominant

anionic species,which represents 10–20%of all surface lipid (Vance and Steenbergen

2005). Recent study showed that the negative charge associated with the presence of

PS regulates the protein localization by the endocytic pathway (Yeung et al. 2008).

Cardiolipins is mainly located in the mitochondrial membrane.

In contrast to these various phospholipids which constructs the bilayer of cellular

membrane and maintains the biological behaviors, it has been suggested that

apoptotic cells and bodies contain increased levels of these phospholipids oxida-

tion, which shows the oxidative damage targets these phospholipids during apo-

ptotic events (Huber et al. 2002).

2 The Role of Oxidized Phospholipid

in the Inflammatory Lesions

Although the head groups of some phospholipids, especially, PEs can be oxidized,

which is also “phospholipid oxidation”, generally the targets of oxidation in

phospholipids are unsaturated fatty acid chains. Therefore, phospholipids

containing polyunsaturated fatty acids are susceptible to peroxidation by free

radicals, and monounsaturated fatty acyl groups may also be oxidized by

non-radical species such as peroxynitrite (ONOO�) and hypochlorous acid

(HOCl). Multiple lines show that these oxidized phospholipids and lipid peroxida-

tion are formed in inflammatory diseases such as atherosclerosis, neurodegenera-

tive disease, multiple sclerosis, and systemic lupus erythematosus. In those

diseases, most attention has been focused on atherosclerosis because this disease

has the relationship with dyslipidemia and chronic inflammation, in addition, the

oxidized LDL (oxLDL). LDL oxidation is one of risk factors in the pathogenesis of

initiator and progression (Ross 1999). Using electrospray mass spectrometry,

oxidized phospholipid species have been analyzed in human LDL (Davis

et al. 2008). The major phospholipids oxidation products such as hydroxides,

epoxides, isoprostanes, and core aldehydes in human atherosclerotic lesions are

reported (Ravandi et al. 2004). A key factor involved in these developmental

regions of atherosclerosis was the uncontrolled uptake of oxLDL by macrophages
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(Suzuki et al. 1997). Modified lipids including aminophospholipids have been

recognized as possible ligands for scavenger receptor families such as cluster

differentiation 36 (CD36), scavenger receptor class A types I and II (SRA-I/II),

and class B scavenger receptor. The studies using CD36 and ApoE double-

knockout mice showed dramatic reduction in lesion area compared with ApoE�/�

mice, both fed on a high-fat diet (Febbraio et al. 2000). In addition, SRA-I/II and

CD36 have been shown to be the primary receptors involved in the uptake of

modified phospholipids by macrophages (Kunjathoor et al. 2002). Therefore,

these reports indicated that oxidized phospholipids in oxLDL could trigger to the

development of atherosclerotic plaque through a ligand of SRA-I/II and CD36

receptors. In addition to these reports, the modified phospholipids have been

found in other diseases such as diabetes and Alzheimer’s disease (Leitinger 2008;

Bochkov et al. 2010).

3 The Oxidative Modification of Red Blood Cells Might

Lead to Lifestyle Related Diseases

Red blood cells (RBCs) are the main molecules in the blood components which

play the role to carry free oxygen around whole tissue. Therefore, RBCs are directly

modified by oxidative damage, which is also attributable that RBCs are sensitive to

redox balancing. Hemoglobin (Hb) in RBCs has the domain to bind oxygen via

ferric ion, concurrently giving an opportunity to produce lipid peroxides. This

redox balancing is regulated by including more antioxidative enzymes such as

superoxide dismutase and catalase in cell bodies than other cells.

Generally, RBCs limits the life span to approximately 100–120 days because

during circulating they undergo senescence with subsequent clearance of the aged

RBCs (Lang et al. 2010). The transitions of physical properties such as elasticity of

cell membrane are ongoing during ageing. It is reported that aged RBCs included

the increasing of their density and enhancement of lipid peroxidation in phospho-

lipids, flip-flop of PS from inside of cell membrane to outside (Linderkamp

et al. 1993; Bratosin et al. 1998). Additionally, it suggested the reduction of

antioxidative regulators, glutathione reductase, glucose-6 phosphate dehydroge-

nase, catalase, and glutathione peroxidase (Linderkamp et al. 1993). However,

RBCs senescence is under elucidation in detail, Hb might be the most suspicious

factor to injure RBCs themselves via production of ROS. The heme iron in Hb

(oxHb), which is normally divalent ion and binds oxygen, gives electron to the

binding oxygen and then Hb converts metHb (Rachmilewitz 1974). In this pro-

cesses, oxygen alters superoxide (Scheme 3.1).

Hb Fe2þ
� �þ O2 ! Hb Fe2þ

� �
O2 ! Hb Fe3þ

� �
O2� (Scheme 3.1)

Hb, drives similar to ferric ion, can mediate Fenton reaction (Sadrzadeh

et al. 1984) and cleavage of lipid hydroperoxide (Kim and Sevanian 1991),
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suggesting that Hb has the relevance of initiator of lipid peroxidation to oxidatively-

modified and aged RBCs. In the sickle-cell anemia, one of important factors is the

abnormality of Hb, which is more susceptible to oxidative stress and induces to

substantially produce of OH radical. Therefore, these capacities of RBCs might also

lead to the pathogenesis of lifestyle diseases. For example, in the membrane of RBCs

derived from diabetic patients, 9-hydroperoxyoctadecadienoic acid (9-HPODE), one

of linoleic acid hydroperoxides, was generated (Inouye et al. 1999). RBCs

endocytosed to the arteriosclerosis initiated the lipid peroxidation and enlarged the

core of plaques (Lin et al. 2008). Consequently, the aged RBCs, which initiated lipid

peroxidation, have the relevance of pathogenesis of disease including lifestyle related

diseases and atherosclerosis. This suggestion indicates that it is important to evaluate

the generation of oxidized biomembrane such as RBCs.

4 Amino-Phospholipid Is One of Targets to Modification

by Lipid Hydroperoxide

Our group has been studied the biomarkers evaluating lipid peroxidation in vivo.
Previous reports suggested that lysine residue in the proteins was modified by

13-hydroxyperoxyoctadecadienoic acid (13-HPODE), one of linoleic acid hydro-

peroxides, and accompanied by the formation of hexanoyl moiety at ε-amino group

via amide bond (Kato et al. 1999, 2000). This unique structure was also constructed

by 15-hydroperoxyeicosatetraenoic acid (15-HPETE), one of arachidonic acid

hydroperoxides. This modification had a commonality to have the amide bond

structure formed by the reaction between primary amino group, ε-moiety of lysine,

and ω-6 lipid hydroperoxide. Therefore, amino-phospholipids, in which PE and PS

have primary amino group in the hydrophilic head, can also form the hexanoyl

derivative induced by lipid peroxides such as 13-HPODE. To characterize the

covalent modifications of PE and PS head group by lipid peroxidation products,

we investigated the formation of N-hexanoyl-PE (HEPE) and N-hexanoyl-PS
(HEPS) as plausible hexanoylated compounds with amide bond (Fig. 3.1). Previous

studies suggested that the phospholipids oxidation in vivo had difficulty to quantify,
owing to the large number of different structures of oxidatively modified phospho-

lipids. But by focusing on the hexanoylation derivative induced by oxidative

modification and using liquid chromatography tandem mass spectrometry

(LC/MS/MS) we can sensitively identify the target oxidized aminophospholipids.

By LC/MS/MS method, the hexanoylation of PE and PS was confirmed by the

detection of hexanoylethanolamine (HEEA) and hexanoylserine (HESE), which

enzymatically hydrolyzed by treatment of the modified PE and PS with phospho-

lipase D (PLD) (Fig. 3.1), in the reaction mixture of egg PE co-incubated with

13-HPODE (Tuji et al. 2003) or erythrocyte ghosts modified 13-HPODE (Hisaka

et al. 2010). This is the reasonable method to detect the modification of polar

molecules because various fatty acid chains esterified with glycerol did not
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influence the determination of HEEA and HESE (Fig. 3.1) by the detection of

LC/MS/MS. Furthermore, hexanoylation derived from the oxidation of ω-6 poly-

unsaturated fatty acids (PUFAs) such as linoleic acid and arachidonic acid, not from

ω-3 PUFAs including docosahexaenoic acid (Tuji et al. 2003), which means the

specific marker of modification of ω-6 PUFAs to biomembrane. This monitoring

procedure applied to the accurate quantification values of HEPE and HEPS

corrected by the stable isotope dilution method. The quantified level of HEPE

(HEEA) dose-dependently elevated in the erythrocytes (RBCs) exposed by

13-HPODE (Hisaka et al. 2010). Moreover, HEPE was detectable in human LDL

oxidized by Cu2+ (Tuji et al. 2003), which indicated that HEPE was possibly a

ligand candidate of scavenger receptor in macrophages. Additionally, whereas

HEPS (HESE) also increased in this condition, the level of HEPE is about

60-folds higher than that of HEPS (Hisaka et al. 2010). This character of HEPS

might derive from less abundant components normally in the inner leaflet of the

plasma membrane. The estimation of HEPE and HEPS in vivo using LC/MS/MS

suggested that hexanoylation against PE and PS was significantly elevated in the

oxidative model induced by carbon tetrachloride (CCl4), in which thiobarbituric

acid reactive substances of liver tissue were relatively increasing. These results

supported the concept that HEPE and HEPS were the available biomarkers of

amino-phospholipids oxidation.

Several lines of evidence suggest that oxidative modifications of proteins, DNA,

lipids have been found in vivo during aging (Stadtman 1992). Therefore, the level of

HEPE derived from the RBCs in the aged rat (24 months old) was analyzed by

LC/MS/MS, which showed in a preliminary result that HEPE was elevated com-

pared to control RBCs derived from 6 months old rats (data not shown). This result

was obtained from the collaboration with Dr. Wakako Maruyama, department

director in National Center of Geriatrics and Gerontology. Because the CD36

receptor, which has been suggested to be crucial role in the progression of athero-

sclerosis, is a platelet-integral membrane glycoprotein and is highly conserved

a

b

PLD hydrolysis

PLD hydrolysis

c

d

Fig. 3.1 Chemical structure of N-(hexanoyl)phosphatidylethanolamine (a), N-(hexanoyl)

phophatidylserine (b), hexanoylethanolamine (c) and hexanoylserine (d)
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between humans and rodents (Febbraio et al. 2001), it is prospective to clear how

senescence RBCs, progresses lipid peroxidation and enhanced the generation of

HEPE, relate to the pathogenesis of atherosclerosis in the future.

5 Evaluation of HEPE as Biomarkers Using

Monoclonal Antibody

To evaluate the target molecule in vitro and in vivo, monoclonal antibody is a

well-known tool. Several studies in humans have been carried out using antibodies

raised against oxidized phospholipids, especially one that is reported to be specific for

1-palmitoyl-2-(5’oxo)valery-sn-3-glycerophosphocholine in lipoproteins (Tsimikas

et al. 2006). Our group has also utilized a monoclonal antibody to detect the unique

structures in the biomolecules such as non-enzymatic post-translational modification

to proteins (Kawai et al. 2006; Hisaka et al. 2009). Regarding HEPE, we prepared the

monoclonal antibody since HEPE was easily generated compared to HEPS and

characterized its capacity. In preparing the antibody against HEPE, we made a little

ingenuity becauseHEPE is hard to be conjugated into a protein,which is often used for

a carrier of a hapten (immunogen). Then we focused on the liposome to prepare the

immunogen. This liposome (Fig. 3.2) containing N-(hexanoyl) 1, 2-dipalmitoyl-sn-

glycero-3-phosphatidyletanolamine (HEDPPE), whichwas themodel of bilayer mod-

ified by lipid peroxidation, was used to immunize mice as antigen with lipid

A. Finally, obtained antibody recognized the glycerol-3-phosphate moiety including

HEEA structure whereas the structure of HEEA alone slightly influenced the cross-

reactivity of this monoclonal antibody. The immunohistochemical analysis using

antibody to HEPE showed the validation as the biomarker of HEPE to be detectable

the oxidative damage of biomembrane in vivo. In the liver derived from oxidative

model induced byCCl4, which was previously described in the analysis using LC/MS/

MS (Sect. 4), the antibody to HEPE clearly visualized the presence of that epitope,

which did not merge with the loci of hexanoyl-lysine. This result correlated with the

result of LC/MS/MS. Hence, monoclonal antibody to HEPE showed the reasonable

method to evaluate the oxidative modification to biomembrane in vivo.

bilayer

Hexanoyl moiety of HEPE

Fig. 3.2 Image of antigen:

liposome containing

HEDPPE
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6 Conclusion

The accumulated studies about phospholipids have been cleared the crucial roles

such as membrane integrity and electrostatic interactions with negatively charged

molecules in the physiology and biochemistry. Especially, it has been attractive that

the oxidized phospholipids might have the relevance of the pathogenesis concerned

with inflammation related diseases including atherosclerosis. The red blood cells,

which are the main molecules in the blood components, are sensitive to the

disruption of redox balance, indicating these attributions might initiate the lipid

peroxidation and could lead to atherosclerosis and lifestyle-related diseases. There-

fore, HEPE and HEPS are possibly reasonable biomarkers to evaluate the

biomembrane oxidation including red blood cells oxidation. In quantification of

these biomarkers, antibodies against these unique structures can work for enzyme-

linked immunosorbent assay. Finally, the analysis of the unique biomarkers, HEPE

and HEPS may lead to the novel understandings of oxidized phospholipids in the

future.
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Chapter 4

Amide-Type Adduct of Dopamine – Plausible

Cause of Parkinson Diseases

Xuebo Liu, Naruomi Yamada, and Toshihiko Osawa

Abstract Dopamine is the endogenous neurotransmitter produced by nigral neurons.

Dopamine loss can trigger not only prominent secondary morphological changes, but

also changes in the density and sensitivity of dopamine receptors; therefore, it is a sign

of PD development. The reasons for dopamine loss are attributed to dopamine’s

molecular instability due to it is a member of catecholamine family, whose catechol

structure contributes to high oxidative stress through enzymatic and non-enzymatic

oxidation. Oxidative stress in the brain easily leads to the lipid peroxidation

reaction due to a high concentration of polyunsaturated fatty acids (PUFA), such as

docosahexaenoic acid (DHA, C22:6/ω-3) and arachidonic acid (AA, C18:4/ω-6).
Recent studies have shown that lipid hydroperoxides, the primary peroxidative prod-

ucts, could non-specifically react with primary amino groups to form N-acyl-type

(amide-linkage) adducts. Therefore, based on the NH2-teminals in dopamine’s struc-

ture, the aims of this chapter are to describes the possibility that reactive LOOH species

derived from DHA/AA lipid peroxidation may modify dopamine to form amide-

linkage dopamine adducts, which might be related to etiology of Parkinson’s diseases.
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1 Backgrounds

Parkinson’s disease (PD) is a neurodegenerative disorder characterized by a dramatic

loss of dopaminergic neurons in the substantia nigra, and the subsequent deficiency of

dopamine in the brain areas (Galvan and Wichmann 2008). Until now, very little is

known about why and how the PD neurodegenerative process begins and progresses;

however, an increasing body of evidence suggests that oxidative stress, mitochondrial

dysfunction, and impairment of the ubiquitin-proteasome system may be involved

in the pathogenesis of PD (Leroy et al. 1998; Schapira 2001; Balaban et al. 2005).

Recent studies indicate that there are high levels of basal oxidative stress in the

substantia nigra pars compacta (SNc) in the normal brain and this is increased in PD

(Jenner 2003).

Oxidative stress in the brain easily leads to the lipid peroxidation reaction due to a

high concentration of polyunsaturated fatty acids (PUFA), such as docosahexaenoic

acid (DHA, C22:6/ω-3) and arachidonic acid (AA, C18:4/ω-6), which are present in

the brain (Porter et al. 1995). The polyunsaturated fatty acids are located almost

exclusively in the SN2-position of the phosphoglycerides found in the neural cell

membranes. The beneficial physiological effects of DHA and AA have been fre-

quently reported (Simopoulos 1999; Hadders-Algra 2008); however, the fatty acids

are highly unsaturated, thus making them particularly susceptible to peroxidation.

During the lipid peroxidation reaction, lipid hydroperoxides are generated as primary

products. Subsequent decomposition leads to the formation of reactive mediates

including aldehydes, which can covalently modify biomolecules. We have recently

found that lipid hydroperoxides, the primary peroxidative products, can universally

react with primary amino groups to form N-acyl-type (amide-linkage) adducts (Kato

et al. 1997, 1999; Kato and Osawa 1998; Kawai et al. 2003, 2004, 2006). In our

previous studies, the formation of linoleic acid-derived lysine modification adducts,

N-(hexanoyl) lysine and N-(azelayl) lysine, and DHA-derived adducts, N-(succinyl)

lysine andN-(propanoyl) lysine, have been identified in vitro or in vivo byLC-MS/MS

or immunochemical analysis. In addition, the formation of N-(hexanoyl) lysine also

was detected, as well as N-(glutaryl) lysine, during the reaction of oxidized

arachidonic acid (AA) with the lysine residue. The N-acyl-type adducts are specific

to the peroxidation of polyunsaturated fatty acids, therefore, their formations are the

useful markers for the lipid peroxidation, protein modification and related dysfunction

that occur in these fatty acids enriched tissues.

Dopamine is the endogenous neurotransmitter produced in nigral neurons.

Dopaminergic neuronal loss can trigger not only prominent secondary morphological

changes, such as density reduction of the dendritic spines, but also changes in the

density and sensitivity of dopamine receptors (Galvan andWichmann 2008); therefore,

it is a sign of PD development. The reasons for dopamine loss are attributed to

molecular instability of dopamine. Some possible causes of dopamine are characteris-

tics of dopaminergic neurons (Bove et al. 2005), such as dopamine degradation by

monoamine oxidase A (MAO-A) (Gotz et al. 1994) or auto-oxidation (Hald and

Lotharius 2005) and the reactionwith amino acid cysteine (LaVoie andHastings 1999).
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Dopamine is a member of catecholamine family. The catechol structure of dopamine

contributes to vulnerability to oxidative stress. Additionally, the NH2-teminals in

dopamine’s structure may represent another reactive spot, however, little experimental

evidence have been proven. Based on our previously described reaction between lipid

hydroperoxides and NH2 residues, the possibility that reactive LOOH species derived

from lipid peroxidation may modify dopamine to form amide-linkage dopamine

adducts was investigated.

2 Chemical Formation of DHA- and AA-Derived

Dopamine Adducts

Lipid hydroperoxides, the primary products of lipid peroxidation, could

non-specifically react with primary amino groups to form N-acyl-type (amide-

linkage) adducts, and also within the chemical structure of dopamine, an amino

residue is present. The DHA and AA-derived four amide-linkage dopamine

adducts, succinyl dopamine (SUD) and propanoyl dopamine (PRD), hexanoyl

dopamine (HED) and glutaroyl dopamine (GLD), were chemically synthesized

respectively. The chemical structures of the authentic adducts were identified by

NMR. The formation of these dopamine adducts was further confirmed by HPLC-

MS/MS analysis. Collision-induced dissociation (CID) of the authentic adducts,

SUD (m/z 254), PRD (m/z 210), HED (m/z 252) and GLD (m/z 268), produced the

same daughter ions at m/z 91, and 137. SUD, PRD and HED also produced

daughter ions at m/z 154, whereas GLD did not. The ion at m/z 137 was detected

with the highest peak intensity in the fragments, and this ion was also identified to

be derived from the dopamine spectra (Fig. 4.1).

3 In Vitro and In Vivo Detection of Dopamine Adducts

In our previous studies, to determinate the in vitro formation of the dopamine

adducts, the reaction of dopamine with DHA- or AA-hydroperoxides were carried

out. The results showed that the four adducts including SUD, PRD, HED and GLD

were successfully detected by HPLC-MS/MS among the reaction mixtures.

It has been reported that polyunsaturated fatty acids such as DHA and AA are

significantly enriched in the brain (Tapiero et al. 2002), and that there are high

levels of basal oxidative stress in the normal brain, which increases with aging (Lin

and Flint 2006). To investigate whether the DHA- and AA- derived dopamine

adducts can be formed in vivo, the brains of 7-week- and 27-week-old male F344/

NSIc rats were removed and the homogenates were used. The detection of the

dopamine adducts in the homogenates was carried out by HPLC-MS/MS. The

whole adducts were detected in the 7- and 27-week rat brains in both the positive
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ion mode and negative ion mode of LC-MS/MS. The level of HED and PRD, which

are derived from the CH3-teminous of AA and DHA, were more preferentially

formed than that of SUD and PRD; however, no significant difference of adduct

level was found between the 7- week and 27-week rats.

91.1

137.1

154.3

[ M-H ]+

m/z

in
te

n
si

ty

H
NHO

HO

R

O

Succinyl dopamine (SUD)

HO

HO

NH

O

COOH

Propanoyl dopamine (PRD)

HO

HO

NH

O

HO

HO

NH

O

Hexanoyl dopamine (HED)

HO

HO

NH

O

COOH

Glutaroyl dopamine (GLD)

SUD=

PRD=

HED=

GLD=
COOH

COOH

R: 

a

b

HO

HO

NH3+

m/z 154

·HO

HO

m/z 131 m/z 91

NH2

HO

HO

Docosashexaenoic aacid (DHA)

Arachidonic acid (AA)

Lipid
peroxidation R R

OOH

Lipid hydroperoxide

Dopamine

COOH

COOH

+

Fig. 4.1 Proposed chemical formation scheme and HPLC-MS/MS analysis of DHA- and

AA-derived dopamine adducts. (a) Proposed reaction scheme of DHA- and AA-derived dopamine

adduct formation. (b) The [MH]+ ion m/z 254, 210, 252, and 268 of SUD, PRD, HED, and GLD,

respectively, were subjected to CID, and the daughter ions were scanned (left, upper). The
proposed structures of individual ions are shown (right, upper). The chemical structure composi-

tion of the dopamine adducts is proposed by fragmental analysis (lower)
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Dopamine is a natural neurotransmitter in the brain, and its deficiency is a sign of

Parkinson’s disease (Ang 2006). Although the mechanism of neurodegeneration is

not fully understood, some considerations include dopaminergic neuron abnormali-

ties, dopamine degradation by monoamine oxidase A (MAO-A) or auto-oxidation

and modification (Gotz et al. 1994; Hald and Lotharius 2005; LaVoie and Hastings

1999). The in vitro and in vivo detections of DHA- and AA-derived dopamine

adducts established may indicate an additional clue to the causes of dopamine

deficiency in PD. Although the level of the dopamine adducts was not obviously

increased in the 27-week-old rat brain compared to the 7-week-old rat brain,

27 weeks represents only middle age for a rat and the level of basal oxidative stress

is increased with age (Navarro and Boveris 2007; Forster et al. 1996; Boveris and

Navarro 2008); therefore, further study should confirm these adduct formations in the

brain using aging model rats such as 1 year age and more and also PD model animals.

4 Identification of HED as a Potent Inducer

of Neuronal Apoptosis

In recent years, several dopamine oxidants and dopamine-modified adducts have been

reported, such as neuromelanin (Wakamatsu et al. 2003), aminochrome (Graumann

et al. 2002), 6-OHDA (Saner and Thoenen 1971) and 5-S-CDA (LaVoie and Hastings

1999), among them 6-OHDA has been generally known as a potent neurotoxin

(Pezzella et al. 1997; Izumi et al. 2005; Maharaj et al. 2005). To test that some of

these DHA- and AA-derived dopamine adducts could cause neuronal cell death. The

effect of these dopamine adducts on the cell viability in SH-SY5Y cells was studied.

The results showed that among the tested dopamine adducts, HED and PRD induced

about 80 and 30 % of the cell death, respectively. On the other hand, SUD and GLD

had almost no influence on the cell viability, suggesting the death of SH-SY5Y cells

was induced only by the CH3-terminus-derived adducts, and not by the COOH-

terminus-derived adducts. Of interest, two HED analogs, nonanoyl dopamine

(NOD) and lauroyl dopamine (LAD), which were synthesized and characterized by

more carbons than HED in the methyl terminus, also showed a significant toxicity to

SH-SY5Y cells, suggesting that the number of carbon in the CH3-terminus-derived

dopamine adducts might be associated with the adduct-induced cell death.

HED was a potent inducer of SH-SY5Y cell death compared to SUD, PRD and

GLD. Because apoptosis is suggested to be involved in neurodegeneration, we then

characterized whether HED-induced cell death in SH-SY5Y cells is apoptosis or not.

The exposure to HED induces to a dose-dependent decrease in the viable cells.

Moreover, the fragmented nuclei were found in cells exhibiting the typical morpho-

logical features of apoptosis. In addition, the gel electrophoresis of DNA from the

SH-SY5Y cells exposed to HED also displayed nucleosomal DNA fragmentation.

HED treatment also led to the time- and dose- dependent cleavage of PARP resulting

in the accumulation of the 85-kDa fragment and decreasing in the 116-kDa protein, as
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well as in the accumulation of the active caspase-3, both which are hallmarks of

apoptosis. Moreover, the pretreatment with the caspase-3 inhibitor significantly

prevented SH-SY5Y cells from HED-induced DNA fragmentation, providing further

evidence that HED induced a caspase-3-mediated apoptotic cell death.

Dopamine-derived metabolites have been reported to inflict damage on neuronal

cells (Asanuma et al. 2003). For example, 6-hydroxydopamine (6-OHDA), a

hydroxylated analogue of dopamine, has been demonstrated to induce apoptosis

in several neuronal cell lines (Hanrott et al. 2006; Chalovich et al. 2006; Jia

et al. 2008; Lee et al. 2008). In addition, dopamine autoxidation generating dopa-

mine quinone can react with protein sulfhydryl groups leading to structural mod-

ifications of proteins and reduced levels of glutathione (GSH) (Berman and

Hastings 1999). HED, an AA-derived dopamine adduct, caused significant cell

death in SH-SY5Y cells. Furthermore, the events including DNA fragmentation,

chromatin condensation, PARP cleavage and accumulation of active caspase-3

suggest that HED-induced cell death was apoptosis.

5 Regulation of HED-Induced Apoptosis in SH-SY5Y Cells

What might be the signaling mechanism underlying the HED-induced apoptosis is

our interests. It is well accepted that reactive oxygen species (ROS) generation is

a key contributor to neuronal apoptosis induced by neurotoxin compounds

(Chinopoulos and Adam-Vizi 2006). Hence, experiments were first carried out to

assess the ROS generation induced by the HED treatment and the possibility that

the HED-induced apoptosis is mediated via ROS generation in SH-SY5Y cells.

HED led to increased ROS generation in the cells compared to the DMSO-treated

cells, whereas the other three dopamine adducts, SUD, PRD and GLD, had a much

less effect on the cells. Furthermore, a dose-dependent increase in the ROS gener-

ation was found by dichlorofluorescein (DCF) fluorescence staining. The

pretreatment with NAC, a potent antioxidant, clearly inhibited the PARP cleavage,

indicating that the ROS generation might be critically involved in the HED-induced

apoptosis. It is widely accepted that mitochondrial dysfunction may play very

important roles in neuronal cell death (Kluck et al. 1997). The cytochrome c release

from mitochondria was found in HED-treated cells.

The precise mechanisms regulating apoptotic events in neuronal cells remain

largely unclear; however, high levels of ROS generation and the increases in the

mitochondrial permeability appear to be common occurrences in many forms of

apoptotic neuronal cell death. The finding that HED induced a significant ROS

generation and that NAC pretreatment clearly blocked the apoptosis suggests that

ROS generation is an essential trigger for HED-induced apoptosis in the SH-SY5Y

cells. The source of ROS generation has not been identified, however, the catechol

ring is kept in the structure of HED like dopamine and 6-OHDA, therefore, the

catechol oxidation might be one of the important causes for the ROS generation in the

HED-treated SH-SY5Y cells. The regulation of neuronal apoptosis is generally
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characterized by the several signaling mediators such as p-53, Bcl-2 family proteins

and cytochrome c release (Gorman et al. 2000). A significant release of cytochrome c

from mitochondrial fraction in HED-treated SH-SY5Y cells was found, suggesting

that the apoptosis may be critically mediated via a mitochondrial abnormality.

6 Monoamine Transporters Are Important in HED-

Induced Apoptosis and ROS Generation

Monoamine transporters including the dopamine transporter (DAT), norepinephrine

transporter (NET) and 5-HT transporter (5-HTT), which are of fundamental impor-

tance for proper signaling between neurons, have been reported to associate with

experimental neurotoxins-induced toxicity (Kita et al. 2003). HED possesses a

dopamine-based chemical structure, suggesting that the above-described HED cyto-

toxicity that occurred in the SH-SY5Y cells might be mediated by uptake of HED by

monoamine transporters. The pretreatment with both GBR12909 and Imipramine, the

inhibitors of DAT and NET/5-HHT, respectively, clearly inhibited the occurrence of

the HED-induced PARP cleavage and active caspase-3 expression in the SH-SY5Y

cells. Furthermore, the ROS generation by HED was also found to be suppressed in

these two inhibitor-pretreated cells. The result that both monoamine transporter

inhibitors showed markedly inhibitive effect on the HED-induced apoptosis and

ROS generation suggested that HED might be primarily transported into the

SH-SY5Y cells by the monoamine transporters, and inflicted damage on the cells.

To characterize whether the HED-induced cytotoxicity is specific to neuronal

cells, our study investigated the effect of HED on apoptotic cell death and ROS

generation in mouse embryonic fibroblast NIH-3T3 cells in comparison to that of

the SH-SY5Y cells. A dose-dependent analysis revealed that HED led to no

apoptotic cell death in the NIH-3T3 cells estimated by Hoechst 33258 and

Propidium Iodide (PI) nuclear staining. A further quantitative analysis of the

apoptotic cells by flow cytometry also indicated apoptosis in SH-SY5Y cells,

whereas not in the NIH-3T3 cells. Moreover, no ROS generation was found in

the HED-treated NIH-3T3 cells; on the other hand, the HED analogs, NOD and

LAD, also induced only a slight ROS generation in the NIH-3T3 cells. Monoamine

transporter is known to be absent in NIH-3T3 cells, which may indicate that the

HED-induced cytotoxicity might be specific to neuronal cells.

Monoamine transporters are of fundamental importance for proper signaling

between neurons. Plasma membrane transporters, the major subclass of intracellu-

lar transporters (Gethe et al. 2006), include the dopamine transporter (DAT),

norepinephrine transporter (NET), and 5-HT transporter (5-HTT). In this study,

pretreatment with inhibitors of DAT, NET and 5-HTT significantly suppressed

ROS generation and apoptosis events induced by HED. In the case of 6-OHDA,

similar to HED, a high affinity for several catecholaminergic plasma membrane

transporters, such as DAT and NET, is also essential for its entrance into the
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neuronal cells to inflict damage. The dependence of monamine transporter is

considered to be due to a structural similarity between the HED, dopamine and

norepinephrine. The necessity of the monoamine transporter in HED-induced

cytotoxicity was further demonstrated by the result that HED could not induce

apoptotic cell death and ROS generation in the monoamine transporter-absent

NIH-3T3 cells, which also indicates that HED may selectively induce cytotoxicity

in different cell lines.

7 Conclusion and Note

Four amide-linkage adducts of dopamine with DHA and AA were synthesized and

the in vivo formation during the reaction of lipid hydroperoxides with dopamine

were also revealed. HED, an AA-derived dopamine adduct, as a potent neurotoxin

based on the significant induction of ROS generation and apoptosis in human

neuroblastoma SH-SY5Y cells. The mechanism of HED-induced apoptosis has

not been fully established in this study; however, it seems to be mediated by ROS

generation, mitochondrial abnormalities, and monoamine transporter (Fig. 4.2).

Fig. 4.2 Proposed

mechanism of

HED-induced apoptosis in

SH-SY5Y cells
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In fact, either DHA or AA is located almost exclusively in the SN2-position of

phosphoglycerides found in the neural cell membranes (Ma et al. 2007; Beermann

et al. 2005); however, free fatty acid levels are reported to increase with aging due

to an increasing degradation by PLA2 (Rosenberger et al. 2004; Qu et al. 2003;

Rapoport 1999), a phospholipase A2, which selectively acts on phosphoglycerides

(Diez et al. 1994). DHA is the most enriched polyunsaturated fatty acid in the brain,

and it has been implicated that DHA concentration is decreased in AD brain (Bazan

et al. 2002); hence, the DHA-derived dopamine adducts formed in this study may

be useful biomarkers for not only PD but also AD.
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Chapter 5

Determination of HEL (Hexanoyl-Lysine

Adduct): A Novel Biomarker for Omega-6

PUFA Oxidation

Kazuo Sakai, Satoko Kino, Aino Masuda, Masao Takeuchi, Tairin Ochi,

Josko Osredkar, Barbara Rejc, Ksenija Gersak,

Narasimhan Ramarathnam, and Yoji Kato

Abstract Published evidences indicate that reactive oxygen species (ROS) can

induce lipid peroxidation, which plays important role in the pathophysiology of

numerous diseases including atherosclerosis, diabetes, cancer and aging process.

Monitoring of oxidative modification or oxidative damages of biomolecules may

therefore be essential for the understanding of aging, and age-related diseases.

N-epsilon-Hexanoyl-lysine (HEL) is a novel lipid peroxidation biomarker which is

derived from the oxidation of omega-6 unsaturated fatty acid. In this chapter,

development of HEL ELISA and its applications are reported. Assay range of HEL

ELISA was 2–700 nmol/L, and showed good linearity and reproducibility. Accuracy

of this assay was validated by recovery test and absorption test. HEL concentration in

human urine was 22.9 � 15.4 nmol/L and it was suggested that HEL exists as low

molecular substances, in a free or in the peptide-attached form. In contrast with the

urine sample, serum HEL was suggested to exist in the protein-attached form, and

hydrolysis by protease might be essential for the accurate measurement of HEL in

protein containing samples such as serum and cultured cells. By sample pretreatment

with proteases, HEL was successfully detected in oxidized LDL, oxidized serum, and

rat serum. In conclusion, HEL ELISA can be applied to measure urine, serum, and

other biological samples independent of the animal species, and may be useful for the

assessment of omega-6 PUFA oxidation in the living bodies.
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1 Introduction

Reactive oxygen species (ROS) and/or free radicals may play important roles in

aging and age-related diseases such as atherosclerosis, diabetes and cancer (Finkel

and Holbrook 2000). Monitoring of oxidative modification or oxidative damages of

biomolecules may be essential for the understanding of aging, and age-related

diseases. Lipid peroxidation is sometimes a major mechanism of cellular injury

mediated by ROS (Comporti 1985), and it has been reported that omega-6 and

omega-3 PUFA results in lipid peroxidation and cellular cytotoxicity (Sugihara

et al. 1994). Aldehydes such as malondialdehyde (MDA) and 4-hydroxy-2-nonenal

(4-HNE) have been used as lipid peroxidation markers, but they are late-stage

products in multi-steps of lipid peroxidation. Lipid hydroperoxides such as

13-hydroperoxyoctadecadienoic acid (13-HPODE) has been expected to be a

good indicator of initial stage of lipid peroxidation (Fig. 5.1). N-epsilon-

Hexanoyl-lysine (HEL), which has been initially named as hexanonyl-lysine, is a

novel lipid peroxidation biomarker, as reported by Kato et al. (1999). HEL can be

detected by LC-MS/MS and has been confirmed that urinary HEL has N-epsilon

structure, not alpha structure. HEL is proved to be formed by the attack of lipid

hydroperoxide to peptides or proteins, not by the attack of lipid hydroperoxide to

free amino acid lysine (Kato et al. 2004). Omega-6 PUFA such as linoleic acid

attacked by ROS may form unstable intermediate 13-HPODE. HEL is a stable

adduct of 13-HPODE to lysine residue in proteins, and is detectable in urine, serum,

and tissue samples. In this chapter the development of HEL ELISA and its appli-

cations are reported.

2 Materials and Methods

2.1 Anti HEL Monoclonal Antibody

Anti HEL mouse monoclonal antibody was developed and reported by Kato

et al. (2000). Briefly, Balb/c mice were immunized by Hexanoyl-modified keyhole

limpet hemocyanine (HEL-KLH), and hybridomas were screened by ELISA coated

with hexanoyl-modified BSA. The specificity of this antibody was tested for

various length (n ¼ 0–9) of alkyl chain in the amide-type adduct (CH3–(CH2)n
–CO–NH–Lys), and this antibody is highly specific to n ¼ 4 length adduct

(hexanoyl-lysine). It has also shown that this antibody reacts with 13-HPODE-

treated BSA, oxidized linoleic acid-attached BSA, and slightly reacts with

15-hydroperoxyeicosatetraenoic acid (15-HPETE) treated BSA.
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2.2 Reagents and Equipment

HEL-BSA conjugate and synthetic HEL antigen (Bz-Gly-HEL) were prepared as

reported by Kato et al. (1999). Alpha-chymotrypsin was from Sigma-Aldrich (Code

C-4129, alpha-chymotrypsin from bovine pancreas). Ultra filter devices with

molecular cut-off 10 kDa were purchased from Millipore (Microcon YM-10) or

from Pall Corporation (Nanosep centrifugal device, Code. OD010C34, New York,

USA). Microplates were from Thermo Fisher Scientific (Kanagawa, Japan). Human

urine samples were collected at the University Medical Centre Ljubljana with the

agreement of the ethical committee of University Medical Centre Ljubljana. Ani-

mal serum was purchased from Rockland Immunochemicals (Pennsylvania, USA).

All other chemicals were purchased from WAKO Pure Chemicals (Osaka, Japan)

or Nacalai Tesque (Kyoto, Japan) unless specified. A microplate reader (MPR A4i,

Tosoh Corporation, Tokyo, Japan), provided with 450 nm filter, was used for

absorbance determination.

Fig. 5.1 Scheme of HEL formation
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2.3 ELISA Protocol

A competitive ELISA to detect HEL (Fig. 5.2) was performed as follows. Microtitre

plates were coated by HEL-conjugated BSA. A synthetic peptide Bz-Gly-HEL was

used as the HEL standard. Samples were pretreated and diluted depending on the

type of samples. For example, human urine samples were diluted by mixing with

three volumes of phosphate buffered saline just before assay. 50 μL of samples or

standard solution at concentrations of 2.6, 7.7, 22.7, 69.7, 207 and 624 nmol/L were

poured into wells. Anti-HEL antibody solution was added 50 μL to all well, and was

incubated at 4–7 �C overnight. The plates were washed three times with 0.05 %

Tween 20 in phosphate buffered saline (PBS-tween) and incubated with 100 μL per

well of horseradish peroxidase (HRP)-conjugated anti mouse polyclonal antibody

solution for 1 h at room temperature. Wells were then washed three times with

PBS-tween and incubated with 100 μL per well of 3,3,5,5-tetramethylbenzidine

(TMB) for 15 min at room temperature. Color development was stopped by the

addition of 100 μL of 1 mol/L phosphoric acid and absorbance at 450 nm was

measured using microplate reader. ELISA protocol is summarized in Fig. 5.3.

3 Performance of HEL ELISA

Assay range of HEL ELISA is from 2 to 700 nmol/L. Standard plot was drawn by

plotting absorbance vertical axis and log of concentration as the horizontal axis as

shown in Fig. 5.4. For the calculation of results, 4-parameter-algorithm, spline

algorithm or point-to-point linear algorithm are suitable. In this chapter, point-to-

point linear algorithm has been used. The assay response was linear within the assay

range. Intraassay variation (C.V.) of standards was below 20 %. This ELISA kit was

stable for 24 months if stored at 2–8 �C.

Fig. 5.2 Principle of competitive HEL ELISA
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4 Applications of HEL ELISA

4.1 Urine Samples

Human urine samples were collected and stored frozen at �80 �C. Samples were

thawed at room temperature for 3 h, centrifuged at 10,000 rpm for 10 min to remove

the insoluble materials, were mixed with three volumes (25 % dilution), and applied

to HEL ELISA. Mean concentration of urinary HEL was 22.9 � 15.4 nmol/L. A

Fig. 5.3 Overview of ELISA procedure
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distribution of HEL concentration is shown in Fig. 5.5. Linearity has been tested by

diluting samples (Fig. 5.6). Although good linearity has been observed between

1/10 (10 %) and non-diluted (100 %), ELISA value seems to be unstable at over 1/2

(50 %) dilution. It is recommended to dilute human urine for 1/4 (25 %). The

optimum dilution fold may be different depending on the species. For example, 1/4

(25 %) dilution may be suitable for dog urine and 1/10 (10 %) dilution may be

suitable for cat urine (data not shown).

Fig. 5.5 Distribution of HEL concentration in human urine

Fig. 5.4 Standard plot of HEL ELISA
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4.2 Recovery Test for Urine Sample

To test the accuracy of this assay, recovery test of standards were performed.

Diluted urine samples were spiked with known concentrations and measured by

HEL ELISA. The analytical recovery rate was determined by the expected and

measured HEL concentrations. The expected levels were calculated as the sum of

the measured HEL concentration in the original sample and the spiked HEL

amount. The recovery rate for 1/4 diluted urine was 114 % (N ¼ 3).

4.3 Absorption Test for Urine Sample

Specificity of this assay was tested by absorption assay. Urine samples were 1/4

diluted by PBS and mixed with anti HEL monoclonal antibody at final concentra-

tion 95 μg/mL. After incubation at 37 �C for 3 h, reaction mixture was filtered by

10 kDa cut-off ultra-filter to remove antibody. HEL value detected by ELISA has

been completely absorbed by anti HEL monoclonal antibody (Fig. 5.7).

4.4 Ultrafiltration of Urine Sample

To test whether urinary HEL exists as protein-attached form or free/peptide form,

ultrafiltration treatment was performed. Urine samples were applied to 3 or 10 kDa

molecular cut-off ultra-filter, and filtrates were applied to HEL ELISA. As a

Fig. 5.6 Linearity of HEL assay for human urine
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control, urine sample without ultrafiltration was also measured. No significant

difference was observed in HEL value between non-filtered (2.9 nmol/L) and

3 kDa (3.3 nmol/L) or 10 kDa-filtered urine (2.8 nmol/L), and urinary HEL may

exist as low molecular weight substances such as free or peptide-attached form.

4.5 Detection of HEL in Oxidized LDL

Low density lipoprotein (LDL) is one of the important targets of oxidation by ROS.

Oxidatively modified LDL (ox-LDL) is thought to play important roles in the early

development of atherosclerosis (Steinberg 1997), and may be involved in the

recruitment of monocyte-macrophages at vessel walls (Hajjar and Haberland

1997). HEL is reported to exist at atherosclerotic lesions (Fukuchi et al. 2008),

and in this chapter purified ox-LDL was applied to HEL ELISA. Lysine residue can

be observed frequently in proteins, and it would be possible that multiple lysine

residues can be modified. To prevent steric effects and to measure accurately,

samples were enzymatically hydrolyzed (Taneda and Monnier 1994) before HEL

assay. Human LDL and ox-LDL were purified and oxidized as reported (Kato

et al. 1999). Native LDL and ox-LDL fractions were dialyzed against PBS, and

were concentrated by 30 kDa cut-off ultra-filter. 100 μL of native/ox-LDL fractions

were mixed with 100 μL of 40 mg/mL trypsin solution and 2 μL of 100 mmol/L

CaCl2 solution, and incubated at 37 �C overnight. Reaction mixtures were applied

to 30 kDa cut-off ultra-filter, and the filtrates were applied to HEL ELISA. Results

are shown in Fig. 5.8. High concentration of HEL was detected in enzyme-digested

ox-LDL fraction. In contrast, only low concentration of HEL was detected for

native LDL and ox-LDL without enzymatic digestion. Enzymatic digestion may be

essential for HEL detection in protein-containing samples such as ox-LDL.

Fig. 5.7 Absorption test for human urine
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4.6 Detection of HEL in Oxidized Serum

To assess the possibility to detect serum HEL, serum sample was oxidized and

applied to HEL ELISA. One volume of serum sample was mixed with 19 volumes

of PBS containing 720 μmol/L of citrate and 300 μmol/L of CuSO4, and incubated for

0, 2, 8 and 24 h at 37 �C. Oxidation reaction was terminated by mixing EDTA-2Na at

final concentration 1 mmol/L. Control serum was incubated without CuSO4, and

mixed with EDTA-2Na solution at 0, 2, 9 and 24 h. Reaction mixtures were digested

by alpha-chymotrypsin, were filtrated by 10 kDa cut-off filter, and applied to HEL

ELISA. Results are shown in Fig. 5.9. In comparison with control serum (CuSO4(�)),

significantly higher concentration of HEL was detected in CuSO4-oxidized serum in

a time-dependent manner. The specificity of this increase in HEL concentration was

validated by absorption test by anti HEL monoclonal antibody by the same protocol

as described in this chapter. As shown in Fig. 5.10, approximately 87% of HEL value

increased in oxidized serum was absorbed by anti HEL antibody.

4.7 Application to Rat Serum

Rat serum samples were applied to HEL ELISA after hydrolysis by alpha chymo-

trypsin. Enzyme solution was prepared by dissolving 14 mg of alpha chymotrypsin

into 1 mL of PBS. A 150 μL of serum sample was mixed with 150 μL of PBS and

60 μL of enzyme solution, and was incubated at 37 �C overnight. Reaction mixture

was applied to 10 kDa cut-off ultra-filter, and the filtrate was further diluted by PBS

and applied to ELISA wells. The linearity test has been performed as shown in

Fig. 5.11. An absorption test has also been performed for rat serum. A 150 μL of

hydrolyzed and filtered serum was mixed with anti HEL monoclonal antibody at

final concentration 0.19 mg/mL, and incubated at 37 �C for 3 h. Antibody was

removed by ultrafiltration, and was applied to HEL ELISA. In comparison with

antibody free control, HEL in hydrolyzed serum was 95 % absorbed by specific

antibody. Applications to canine serum (Suzuki et al. 2007) and mouse serum

(Kawashima et al. 2012) have been also reported.

Fig. 5.8 Detection of HEL

in native/oxidized-LDL
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Fig. 5.9 Detection of HEL

in oxidized serum

Fig. 5.10 Absorption test

for oxidized serum

Fig. 5.11 Linearity of HEL

assay for rat serum
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4.8 Application to Other Biological Samples

HEL concentration in various biological samples has been reported. Rummenie

et al. (2008) have shown that HEL concentration in tear samples increased by

exposure to cigarette smoke. Ryo et al. (2006) have tried to apply to saliva samples,

and have suggested that salivary HEL may be a potential biomarker for Sjogren’s

syndrome. HEL concentration in seminal plasma has been reported by Sakamoto

et al. (2008).

5 Conclusion

Lipid peroxidation, especially oxidation of omega-6 and omega-3 PUFA, may be

involved in cytotoxicity by ROS, and lipid oxidation products may be powerful tool

for research on ROS-related diseases, aging process, and for the assessment of

functional foods to prevent oxidative damage (Kato and Osawa 2010). We have

established HEL ELISA as a new biomarker for omega-6 PUFA. HEL ELISA was

shown to be applied to urine, serum and other biological samples independent of the

animal species, and may be useful for the assessment of omega-6 PUFA oxidation

in the living bodies.

Note. HEL ELISA kit is commercially available from Japan Institute for the Control of Aging

(JaICA), Nikken SEIL Co., Ltd. (http://www.jaica.com).
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Chapter 6

Hexanoyl-Lysine as a Deterioration Marker

for Rice During Storage

Ken-ichiro Minato

Abstract Nε-(hexanoyl)lysine (HEL) is known to be an oxidative lipid-

decomposition product, and a powerful marker indicating oxidative stress in animal

tissue. We investigated whether HEL could be useful as a marker in rice seeds

damaged by oxidative stress during storage, as well as animals. We could show an

accumulation of HEL in rice stored at high temperature (40 �C). This result

significantly corresponded with an accumulation of TBARS. Rice germination

deteriorated with non-enzymatic lipid peroxidation during storage at high temper-

ature for a few months. These results suggested that a deterioration of rice germi-

nation ability resulted from oxidative damage caused by lipid peroxidation during

storage. Moreover, HEL could become a useful marker for oxidative stress induced

by lipid peroxidation. In addition, the activities of antioxidant enzymes, catalase

and superoxide dismutase, significantly decreased in the rice seeds during storage at

40 �C. The relationship between accumulation of HEL and increases in antioxidant

enzymes activities must be further studied. But, these results suggest that HEL

might be a useful marker of oxidative stress in rice as well as in animals.

Keywords Antioxidant enzymes • Lipid peroxidation • Nε-(hexanoyl)lysine •

Oxidative stress marker • Rice
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TBARS Thiobarbituric acid-reactive substance

ELISA Enzyme-linked immunosorbent assay

AOS Activated oxygen species

LOX Lipoxygenase

CAT Catalase

Mn-SOD Manganese – superoxide dismutase

Cu, Zn-SOC Copper, Zinc – superoxide dismutase

1 Introduction

Rice is the staple food in Japan and other East and Southeast Asian countries. Japan is

self-sufficient in rice. Its storage stability has been very important in ensuring

ongoing high-quality rice availability. High temperature especially is considered to

cause rapid deterioration in rice quality and germination ability during storage. Many

researchers have studied how to stabilize rice quality during storage (Sharp and

Timme 1986; Ramezanzadeh et al. 1999). It has been suggested that lipid degradation

is responsible for the deterioration of rice during storage (Takano 1993).

Plants are constantly exposed to the toxicity of activated oxygen species (AOS).

The AOS are produced as superoxide radicals (O2
•�), hydrogen peroxide (H2O2),

and hydroxyl radicals (OH•) during metabolic processes. It has been suggested that

these AOS react with lipids, proteins, and nucleic acids in a cell to induce oxidative

damage (Rice-Evans et al. 1991). It was suggested that reaction between lipid and

molecular oxygen occurred at early stage of oxidative damage. This reaction could

take place at the double bond s of unsaturated fatty acids, and be accelerated by

singlet oxygen, free radicals, metal ions such as iron, copper, and cobalt, light

radiation, elevation of temperature, and enzyme activity such as lipoxygenase

which was a transition metal prosthetic group. Lipid peroxidation induced by

AOS is considered an important reaction in membrane deterioration in the cells

of plants (Shalata and Tal 1998). Moreover, it has been considered to be strongly

associated with a decrease in plant viabilities, such as germination ability. In rice, a

deterioration in germination ability during storage has been also a serious problem.

We hypothesized that this deterioration might result from oxidative damage during

storage at high temperatures.

It has been suggested that biomolecules such as proteins and aminolipids are

covalently modified by lipid decomposition products such as aldehyde during an

even earlier stage of lipid peroxidation in animals (Esterbauer et al. 1991). Kato

et al. (1999) identified Nε-(hexanoyl)lysine (HEL) as one of the lipid

hydroperoxide-modified lysine residues, considered to be useful markers of early

lipid peroxidation-derived protein modification. Some reports suggested that HEL

would be a good biomarker for oxidative stress, especially at earlier stage when

oxidative damage was occurred by lipid peroxidation than a stage of harmful

aldehyde formation (Kato et al. 2000; Ueno et al. 2002). It have been established

how to measure this novel oxidative stress biomarker by ELISA antibody detection.
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It have been previously reported that HEL accumulates in animal tissue in which

oxidative stress was induced (Kato et al. 1999, 2000; Minato et al. 2003). Therefore,

we expected that biomolecules in which proteins and/or aminolipids are modified

by lipid decomposition products might be a useful oxidative stress marker in rice

damaged oxidatively, as well as in animal tissue.

In this chapter, we attempt to establish an estimation of oxidative stress damage

in plants by detection of HEL, as well as animals. Hence, we investigated whether

the reduction in germination ability resulted from oxidative stress during storage of

rice at high temperatures, and whether HEL can be used effectively as an oxidative

stress biomarker in rice.

2 A Quality Deterioration in Rice by Oxidative Stress

We investigated rice germination ability as one index of the stability of rice quality.

In rice, damage induced by oxidative stress is considered to be accompanied by

lipid peroxidation (Suzuki et al. 1996). Hence, we next determined a thiobarbituric

acid-reacted substance (TBARS), which is known to be a traditional marker of

early-stage lipid peroxidation induced by oxidative stress (Miyake et al. 1998),

in the rice seeds before and after storage. We used the rice [Oryza sativa (L.)]

Sasanishiki, which belongs to the japonica type, with the husk. The rice (300 g)

packed in pored polyethylene film bags (350 � 400 mm, 0.03 mm thickness) was

stored at 5 �C and 40 �C for 3 months. One hundred grains of stored rice with the

husk was placed on filter paper in a 9-cm Petri dish, and 15 ml distilled water was

added. The dishes were placed in an incubator at 30 �C, and the number of

germinated seeds was counted daily for 4 days. The appearance of a coleoptile

about 1 mm in length was considered to correspond to the germination stage.

Clearly, its ability to germinate survived during storage for 3 months (Fig. 6.1),

and the level was maintained even after 6 months (data not shown). On the other

hand, the germination rate of the rice stored at 40 �C was significantly (p < 0.002)

dampened; it was approximately 70 % in rice stored for 3 months. These results

show that high-temperature storage negatively influences the stability of rice

germination ability.

Twenty husked rice seeds were picked out and homogenized with extract buffer

(50 mM phosphate buffer, pH 7.0) containing 1 % Triton X-100 at 4 �C. The
homogenate was centrifuged at 4,500 � g for 15 min, and the supernatant was

obtained for measurement of thiobarbituric acid-reactive substance (TBARS). The

rice TBARS concentration was expressed as nmol of malondialdehyde per gram of

the husked rice seeds (Fig. 6.2). The initial level was 13.9 � 1.1 nmol�g�1. In the

rice stored at 5 �C, it did not change. On the other hand, for that stored at 40 �C, the
level increased significantly (p < 0.05) to 19.1 � 1.1 nmol�g�1 after 3-months

storage. These results suggest that lipid peroxidation might be responsible for the

reduction in the germination ability of rice during storage at high temperature

(40 �C). We surmised that this deterioration in germination ability resulted from

oxidative stress.
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Suzuki et al. (1996) suggested that lipid peroxidation caused by a lipoxygenase

(LOX) in rice seeds resulted in oxidative deterioration during storage.

Lipoxygenase activity, however, did not significantly increase during storage of

rice at high temperatures for 3 months in this study (Fig. 6.3).
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Fig. 6.1 Germination rate of the rice, Sasanishiki, during storage at 5 �C (●) and 40 �C (~). Each

value is presented as the mean � S.D. of triplicate assays. Statistical analysis was carried out by

one-way ANOVA followed by Tukey’s HSD test to identify significant difference. Values

designated by different letters are significantly different ( p < 0.005) (This referred to Minato

et al. (2005) reprinted by permission of Japan Society for Bioscience, Biotechnology, and

Agrochemistry)
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Fig. 6.2 Accumulation of TBARS in the rice during storage at 5 �C (□) and 40 �C (■). Each value

is presented as the mean � S.D. of triplicate assays. Statistical analysis was carried out by

one-way ANOVA followed by Tukey’s HSD test to identify significant difference. Values

designated by different superscript letters are significantly different ( p < 0.005) (This referred

to Minato et al. (2005) reprinted by permission of Japan Society for Bioscience, Biotechnology,

and Agrochemistry)
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3 Accumulation of HEL in Rice Seed Induced Oxidative

Stress Damage

The contents of oxidative stress marker, HEL, in stressed rice was determined by

ELISA antibody assay, as described previously (Kato et al. 1999). Briefly, 50 μl of
sample solution (10 μg protein · ml�1) was pipetted into the wells and kept at 4 �C
for 12 h. Then the plate was incubated with the primary antibodies. After incuba-

tion, binding of the antibodies to the modified proteins was evaluated using anti-

mouse/rabbit IgG antibody peroxidase labeled with o-phenylenediamine and

hydrogen peroxide.

Although the level of HEL did not change in the rice during storage at 5 �C, a
significant (p < 0.05) increase in this biomarker was detected in rice stored at 40 �C
for 3 months (Fig. 6.4). This result significantly corresponded with the increase in

the TBARS level in rice stored at 40 �C. During lipid peroxidation, proteins and

aminolipids can be covalently modified by lipid decomposition products. In the

aliphatic aldehydes, such as 1-hexanal or 1-nonanal, the Nε-amino group of the

lysine residues in a protein can be modified through the formation of a Schiff base.

Moreover, α- and β-unsaturated aldehydes, such as 4-hydroxy-2 nonenal, react with
lysine, cysteine, and histidine through a Michael-type addition (Esterbauer

et al. 1991; Uchida et al. 1998). Nε-(hexanonyl)lysine (HEL) has been identified

as an adduct with an amide bond between the Nε-amino group and lipid-derived

part. It has reported that the antibody against this adduct was useful as a biomarker

of oxidative stress in animal tissue (Kato et al. 2000; Minato et al. 2003), but it had

not yet been reported whether HEL accumulates in plant tissue damaged by

oxidative stress. As shown in Figs. 6.3 and 6.4, this HEL indeed accumulated in

rice seed that underwent lipid peroxidation. Moreover, the HEL level increased

simultaneously with the reduction in germination ability in the rice stored at 40 �C.
These results suggest that detection of HEL formation by ELISA is a useful

approach to determining oxidative stress in a plant, as well as in animals, but it
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Fig. 6.3 Formation of HEL in the rice during storage at 5 �C (□) and 40 �C (■). Each value is

presented as the mean � S.D. of triplicate assays. Statistical analysis was carried out by one-way

ANOVA followed by Tukey’s HSD test to identify significant difference. Values designated by

different superscript letters are significantly different ( p < 0.005) (This referred to Minato

et al. (2005) reprinted by permission of Japan Society for Bioscience, Biotechnology, and

Agrochemistry)
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remains obscure whether HEL directly influenced the deterioration in rice germi-

nation ability. And it was suggested that the oxidative lipid-decomposition product,

HEL, accumulated in rice during storage at high temperatures.

4 Antioxidant Enzymes Activities in Oxidative Stress

Damaged Rice

All organisms exposed to an aerobic environment must have some protective

mechanism against such harmful oxygen species. One of the plant responses to

AOS production is an increase in antioxidant enzyme activities which provides

protection from oxidative damage induced by several environmental stresses. It is

known that antioxidant enzymes such as catalase (CAT) and superoxide dismutase

(SOD) play an important role in the active oxygen- scavenging system. In order to

clarify the correlation between antioxidant enzyme activity and storage stability as

to rice quality, we also measured CAT and SOD activities in rice during storage.

Twenty seeds were homogenized in 10 volumes of 50 mM sodium phosphate

buffer (pH 7.4) at 4 �C. And then the supernatant obtained was used for subsequent
enzymatical measurement. Total catalase (CAT) activity was determined spectro-

photometrically by measuring the decrease in absorbance at 240 nm at 25 �C (Aebi

1983). The reaction mixture contained enzyme extract and 50 mM phosphate buffer
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Fig. 6.4 Changes in a lipoxygenase activity in the rice during storage at 5 �C (●) and 40 �C (~).

Lipoxygenase (LOX) activity was determined as described by Stevens et al. (1970). One hundred

microlitre of linoleic acid was dissolved in 15 ml of absolute alcohol, and water was added to make

25 ml of stock solution. Immediately before use, 5 ml of substrate stock solution were diluted with

25 ml of 0.2 M sodium borate buffer (pH 9.0), and the solution was oxygenated by bubbling

gaseous oxygen through it for a few minutes. The enzyme solution to be assayed was also diluted

with 0.2 M sodium borate buffer. The reaction mixture contained 50 μl enzyme extract and 0.2 M

sodium borate buffer (pH 9.0) to make a final volume of 3 ml. One unit of LOX was defined as a

change in A234 of 0.01 per min. Each value is presented as the mean � S.D. of triplicate assays.

Statistical analysis was carried out by one-way ANOVA followed by Tukey’s HSD test to identify

significant difference. There were not significant differences ( p < 0.005) among each value
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(pH 7.0). The reaction was started by the addition of 45 mM hydrogen peroxide in

the reaction buffer. CAT activity was estimated by the decrease in absorbance of

H2O2 at 240 nm. One unit of CAT was defined as the amount of enzyme dismuting

1 μmole of H2O2 per minute. As shown in Fig. 6.5, catalase activity continued

during storage at 5 �C, but this activity significantly ( p < 0.025) decreased in rice

stored at 40 �C.
Superoxide dismutase (SOD) activity was determined essentially as described

by Spychalla and Desborough (1990). The assay was performed at 25 �C in a

cuvette containing 50 mM Na2CO3/NaHCO3 (pH 10.2), 0.1 mM EDTA, 0.015 mM

ferricytochrome c, and 0.05 mM xanthine. It was initiated by the addition of

sufficient xanthine oxidase to produce a basal rate of ferricytochrome c reduction

corresponding to an increase in A550 of 0.025. Then the amount of xanthine oxidase,

defined as the amount of enzyme inhibiting the rate of ferricytochrome c by

reduction 50 % was determined. Mn-SOD activity was determined as described

above, except that the assay mixture contained 2 mM KCN to inactivate Cu,

Zn-SOD. Cu, Zn-SOD was calculated from the difference between total SOD and

Mn-SOD activities. Total superoxide dismutase activity also continued at 5 �C
storage, whereas it decreased significantly ( p < 0.05) at 40 �C storage (Fig. 6.6).

Moreover, in this study, Mn- and Cu, Zn-SOD activities were determined. Mn-SOD

activity did not change during storage at either 5 or 40 �C. But, Cu, Zn-SOD activity

fell to one-half its initial level during storage at 40 �C. This result suggests that Cu,
Zn-SOD activity might play more important roles in an activated oxygen-

scavenging system than Mn-SOD. And, the changes in these antioxidant enzymes

activities were well correlated with changes in germination rates and the contents of

TBARS and HEL in rice during storage.
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Fig. 6.5 Changes in catalase activity in the rice during storage at 5 �C (●) and 40 �C (~). Each

value is presented as the mean � S.D. of triplicate assays. Statistical analysis was carried out by

one-way ANOVA followed by Tukey’s HSD test to identify significant difference. Values

designated by different letters are significantly different ( p < 0.005) (This referred to Minato

et al. (2005) reprinted by permission of Japan Society for Bioscience, Biotechnology, and

Agrochemistry)
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Activated oxygen-scavenging enzymes have received a great deal of attention in

relation to various kinds of stresses. Higher tolerance to environmental stresses has

been associated with higher activities of antioxidant enzymes such as catalase and

superoxide dismutase (Shalata and Tal 1998; Olmos et al. 1994; Yu and Rengel

1999; Mehlhorn and Wenzel 1996). In this study, as shown in Figs. 6.4 and 6.5,

although the CAT and SOD activities continued in rice stored at 5 �C, their
activities significantly decreased with increases in TBARS and HEL levels at

40 �C. These results suggest that these antioxidant enzymes, CAT and SOD, play

an important role in the resistance mechanism to oxidative stress in rice seeds

during storage. It was suggested that the activity of the activated oxygen-

scavenging system due to antioxidant enzymes continued during storage of rice at

low temperature (5 �C), thereby preventing oxidative damage in the rice. It was

suggested, however, that the decrease in these antioxidant enzymes activities at

high temperature (40 �C) might induce the production of activated oxygen species

such as H2O2 and O2
•�. Then oxidative damage would occur as lipid peroxidation.

5 Conclusion

In summary, rice germination deteriorated with non-enzymatic lipid peroxidation

during storage at high temperature (40 �C) for a few months. We could show an

accumulation of HEL in rice stressed oxidatively at high temperature. This result

significantly corresponded with an accumulation of TBARS, a traditional marker of

lipid peroxidation. These results suggested that a deterioration of rice germination

ability resulted from oxidative stress caused by lipid peroxidation during storage.

Nε-(hexanoyl)lysine (HEL) is known to be an oxidative lipid-decomposition
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Each value is presented as the mean � S.D. of triplicate assays. Statistical analysis was carried out by

one-way ANOVA followed by Tukey’s HSD test to identify significant difference. Values designated

by different letters are significantly different ( p < 0.005). There were not significant differences

( p < 0.005) among each value in Mn-SOD activities (This referred to Minato et al. (2005) reprinted

by permission of Japan Society for Bioscience, Biotechnology, and Agrochemistry)
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product, and a powerful marker indicating oxidative stress in animal tissue in which

lipid peroxidation has been induced. HEL accumulated in rice which oxidative

damage was induced by lipid peroxidation. We could show an accumulation of

HEL in rice stored at high temperature (40 �C). This result significantly

corresponded with an accumulation of TBARS. The activity of antioxidant

enzymes, catalase and superoxide dismutase, decreased with accumulation of

HEL in rice stored at 40 �C. The relationship between accumulation of HEL and

increases in antioxidant enzymes activities must be further studied. But, our

findings could show that HEL would be useful as an oxidative stress biomarker in

plants as well as in animals.
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Chapter 7

Cholesterol Hydroperoxides and Their

Degradation Mechanism

Junji Terao

Abstract Cholesterol is one of the oxidizable lipids constituting biomembranes

and plasma lipoproteins. Cholesterol hydroperoxides (Chol-OOH) are the primary

products if cholesterol is subjected to attack by reactive oxygen species. In partic-

ular, singlet molecular oxygen reacts with cholesterol to yield cholesterol

5α-hydroperoxide as the major hydroperoxide species. Chol-OOH may accumulate

in biological systems because of its resistance to glutathione-dependent enzymatic

detoxification reactions. Their degradation products (including hydroxycholesterol

and 7-ketocholesterol) participate in the pathophysiological functions of oxysterols.

Highly reactive cholesterol 5,6-secosterol present in atherosclerotic lesions can be

derived from the degradation of cholesterol 5α-hydroperoxide. Chol-OOH them-

selves may affect the lipid rafts of biomembranes, thereby leading to the modifica-

tion of signal transduction pathways.

Keywords Cholesterol hydroperoxides • Singlet molecular oxygen • Cholesterol

5,6-secosterol • Lipid rafts

1 Introduction

Cholesterol is an essential class of lipids constituting biomembranes and one of the

major lipid components in plasma lipoproteins. Cholesterol is subjected to lipid

peroxidation accompanied with other esterified polyunsaturated fatty acids

(PUFAs) such as phospholipids (Niki 2009). However, lipid peroxidation occurring

in cholesterol is different from common PUFAs. Similar to PUFAs, cholesterol

hydroperoxides (Chol-OOH) are formed as primary products if cholesterol is
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oxidized by reactive oxygen species (ROS). However, Chol-OOH are known to be

resistant to the glutathione-dependent enzymatic detoxification system compared with

PUFA hydroperoxides (PUFA-OOH) and their esterified forms (Miyamoto

et al. 2010). Therefore, Chol-OOH might accumulate for a long time in biological

systems as their native forms. The mechanism for the formation of Chol-OOH can be

distinguished to free-radical oxidation and singlet molecular oxygen(O2(
1Δg))-medi-

ated oxygenation. In contrast, cholesterol is oxidized specifically by an enzymatic

mechanism to form hydroxycholesterols such as 24-hydroxycholesterol and

27-hydroxy cholesterol. These oxidized cholesterol species (including Chol-OOH)

are called as “oxysterols” and their pathophysiological role has attractedmuch attention

in recent years (Brown and Jessup 1999; Otaegui-Arrazola et al. 2010; van Reyk

et al. 2006). This chapter is focused on Chol-OOH and their degradation products

produced by lipid peroxidation in biomembranes and plasma lipoproteins (Fig. 7.1).

2 Free-Radical Oxidation vs. Singlet Molecular Oxygen-

Mediated Oxygenation

From the point of view of the reaction mechanism, non-enzymatic lipid peroxida-

tion is categorized into two types: free-radical chain oxidation reaction and singlet

molecular oxygen (O2(
1Δg))-mediated oxygenation. The reactivity of cholesterol

with O2(
1Δg) is similar to that of PUFAs. The rate constant for cholesterol is

5.7 � 104 M�1 S�1, whereas it is 3 � 104 M�1 S�1 for each non-conjugated cis-
double bond for C18 PUFAs (Vever-Bizet et al. 1989). This means that O2(

1Δg)

equally attacks cholesterol and the PUFA moiety of phospholipids to form

peroxidized cholesterol and peroxidized phospholipids. In contrast, cholesterol is

oxidized by free radicals very slowly as compared with PUFAs such as linoleic acid

and arachidonic acid. This is because cholesterol lacks doubly allylic hydrogen

molecules, which are readily abstracted by free radicals, resulting in carbon-

centered radicals (Niki 2005). However, cholesterol has been suggested to be

more susceptible to free-radical oxidation than esterified linoleate in cultured

cells under oxidative stress (Saito et al. 2007). Yoshida et al. (2007) found that
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cholesterol oxidation products accumulated at unexpectedly high levels (as high as

PUFA oxidation products) in human blood. The oxidizability of cholesterol may

depend largely on the microenvironment in which lipid peroxidation occurs. For

example, free-radical oxidation of cholesterol is suggested to be regulated by

“superlattices” in the bilayers of biomembranes (Olsher et al. 2005).

Figure 7.2 shows the different pathways of Chol-OOH formation between

O2(
1Δg) oxygenation and free-radical oxidation. In O2(

1Δg) oxygenation, choles-

terol 5α-hydroperoxide (Chol 5α-OOH), cholesterol 6α-hydoperoxide (Chol

6α-OOH), and cholesterol 6β-hydroperoxide (Chol 6β-OOH) are formed by thee

ene reaction of electrophilic O2 (
1Δg) with the 5,6-double bond (Freimer 1979), in

which the yield of Chol 5α-OOH is superior to that of Chol 6α/β-OOH (Girroti and

Korytowski 2000).

In the mechanism of free-radical oxidation, hydrogen abstraction happens exclu-

sively at the C-7 position, resulting in cholesterol 7α-hydroperoxide (Chol 7α-OOH)
and cholesterol 7β-hydroperoxide (Chol 7β-OOH). Chol 5α-OOH generated by

O2(
1Δg) oxygenation is isomerized to form Chol 7α-OOH and Chol 7β-OOH during

lipid peroxidation. Nevertheless, Chol 5α-OOH has been used frequently as a bio-

marker of O2(
1Δg) generation in biological systems. We found recently that Chol

5α-OOH accumulated in the skin of hairless mice, suggesting that O2(
1Δg) is

responsible for lipid peroxidation in mouse skin (Minami et al. 2007). Conversely,

Cholesterol

O2(1Dg) oxygenation

Chol 5a -OOH
Chol 7a -OOH

Chol 7b -OOH
Chol 6a -OOH

Chol 6b -OOH

Free radical oxidation

HO

HO OOH

C8H17 C8H17

C8H17

C8H17

C8H17
HO

OOH

HO

OOH

HO OOH

OOH

HO

isomerization

Fig. 7.2 Different pathways of Chol-OOH formation between O2(
1Δg) oxygenation and free-

radical oxidation
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Chol 7α/β-OOH was detected in human skin upon sunlight exposure (Yamazaki

et al. 1999). A high-performance (HPLC)-chemiluminescence analysis demonstrated

that cholesterol hydroperoxides (Chol 7α-OOH and Chol 7β-OOH) accumulated in

rat skeletal muscle and liver tissue after chronic ethanol feeding (Adachi et al. 2000;

Ariyoshi et al. 2002). Chol 6β-OOH may be a more reliable marker of O2(
1Δg) than

Chol 5α-OOH because of its higher stability (Korytowski et al. 1992). Different from

Chol 5α-OOH,Chol 6β-OOH was shown not to induce membrane damage due to

lipid peroxidation (Korytowski et al. 2010).

3 Secondary Products Derived from Chol-OOH

Chol 5α-OOH has been suggested to be a precursor of biologically active cholesterol

aldehydes such as cholesterol 5,6-secosterol (Brinkhourt et al. 2008). Ozone has long

been suggested to be involved in the formation of cholesterol 5,6-secosterol. However,

hock cleavage of Chol 5α-OOHwas recently proposed as a mechanism of cholesterol

5,6-secosterol formation (Fig. 7.3). These cholesterol aldehydes can modify proteins

covalently, which could have pathophysiological relevance (see Chap. 7).

7-Ketocholesterol (cholest-5-ene-3β-ol-7-one) and 7α/β-hydroxycholesterol (Chol

7α/β-OH; cholest-5-ene-3β-7β-diol, cholest-5-ene-3β-7α-diol) are produced by the

one-electron-transfer decomposition of Chol 7α/β-OOH (Fig. 7.4). Chol 7α/β-OOH
may be intermediates, and 7-ketocholesterol and 7α/β-hydroxycholesterol accumulate

as the final products of cholesterol peroxidation. Chol 7β-OH and 7-ketocholesterol

are also formed by the enzymatic reaction of cholesterol with 11β-hydroxysteroid
dehydrogenase type 1. Similarly, a reaction of cholesterol with 7α-hydorxylase
(CYP7A1) yields Chol 7β-OH.

Cholesterol 5α,6α-epoxide (5α,6α-epoxycholestan-3β-ol) and cholesterol 5β,6-
β-epoxide (5β,6β-epoxycholestan-3β-ol) can be generated without the decom-

position of Chol-OOH. In this case, an intermediate of lipid peroxidation in

PUFAs, lipid peroxyl radicals (LOO·), attach directly to the 5,6-double bond of

cholesterol to form α/β epoxides. Their hydrolysis reaction leads to the formation

of cholestanetriol (cholestan-3β,5α,6β-triol).
Recently, Uemi et al. found that Chol7α/β-OOH generates O2(

1Δg) and is

accompanied by the formation of Chol 7-α/β OH and 7-ketocholesterol by a cyclic

mechanism from a linear tetraoxide intermediate (Uemi et al. 2011). This bimo-

lecular reaction may also participate in the degradation pathway of cholesterol.

4 Detoxification of Cholesterol Hydroperoxides

In human plasma, Chol 7α-OH, Chol 7β-OH and 7-ketocholesterol were detected at

the nanomolar level in accordance with the products of the enzymatic oxidation of

cholesterol, 24-hydroxycholesterol and 27-hydroxycholesterol (Table 7.1) (Yoshida
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et al. 2007). Among them, Chol 7α-OH and Chol 7β-OH can be produced by the

enzymatic detoxification reaction of Chol-OOH by the glutathione-dependent system.

In general, lipid hydroperoxides are detoxified to their two-electron-reduction prod-

ucts: lipid hydroxides. This reaction ismediated by at least three enzymes: glutathione

peroxidase (GPx), glutathione S-transferase (GST) and peroxiredoxin (PrX)

(Miyamoto et al. 2010). Five isoforms of GPx have been identified. GPx4, that is,

phospholipid hydroperoxide glutathione peroxidase (PHGPx), has been suggested to

be the only enzyme that can detoxify Chol-OOH to yield hydroxycholesterol. How-

ever, Chol-OOH was inferior to PUFA hydroperoxides and their esterified forms

in the reduction by PHGPx (Korytowski et al. 1996). It seems rational to state that

Chol-OOH accumulates at higher levels than PUFA-OOH or its esterified forms

(phospholipid hydroperoxides) if Chol-OOH is more resistant to enzymatic detoxifi-

cation in biological systems. Korytowski et al. (1996) indicated that Chol 5 α-OOH
was reduced more slowly than Chol 6β-OOH by the GSH/PHGPx system

(5α-OOH < 6α-OOH ¼ 7α/β-OOH < 6β�OOH), resulting in the damage of cells

derived from the generation of O2(
1Δg).

5 Pathophysiological Function of Chol-OOH

and Its Related Products

Peroxidation of cholesterol in low-density lipoprotein (LDL) in plasma has been

suggested to exert pathological effects such as induction of apoptotic cell death,

which can lead to the pathogenesis of atherosclerosis (Lordan et al. 2009).

Oxysterols accumulate in human atheroma and exert pro-apoptotic effects to

contribute to atherosclerotic development (Larsson et al. 2006). Oxysterols in

LDL have been suggested to participate in the progression of atherosclerotic lesions

by strongly up-regulating pro-inflammatory factors such as monocyte chemotactic

protein-1 (MCP-1) (Leonarduzzi et al. 2005). Sterffen et al. (2006) suggested that

the ratio of Chol 7β-OH to 7-ketocholesterol is the crucial determinant for the

Table 7.1 Concentration of lipid peroxidation products and antioxidants in human plasma and

erythrocytes (Yoshida et al. 2007)

Lipid peroxidation product

Plasma Erythrocytes

(nmol/L) (nmol/packed cell)

Total hydroxyoctadecadienoic acid (tHODE) 203 � 76 1,917 � 1,004

Total 8-isoprostaglandin (t8-iso-PGF2α) 0.727 � 0.604 12.8 � 7.9

Cholesterol 7α-OH 87.1 � 50 1,372 � 461

Cholesterol 7β-OH 156 � 102 3,854 � 1,844

The mean value was obtained for plasma and erythrocytes from 44 healthy subjects after reduction

and saponification. tHODE is a sum of the free and esterified forms of isomeric hydroxyoctade-

cadienoic acid. Cholesterol 7α-OH and cholesterol 7β-OH are the sum of esterified forms and free

forms of hydroxycholesterol (These data are modified from Yoshida et al. 2007 and are reproduced

with permission)
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cytotoxicity of oxysterol mixtures. Cholesterol 5,6-secosterol has been called as an

“atheronal” because it was discovered first in human arterial plaques and suggested

to have an effect on the pathogenesis of cardiovascular diseases (Takeuchi

et al. 2006). Anticoli et al. (2009) implied that cholesterol 5,6-secosterol possesses

a pro-proliferative effect on hepatoblastoma cells at very low concentrations. This

finding suggested that this oxysterol can induce the death of liver cells through cell

necrosis rather than apoptosis.

Cholesterol is known to be concentrated into microdomains such as lipid rafts in

biomembrane structures (Yaqoob 2009). Oxysterols may promote or inhibit the for-

mation of membrane microdomains because oxysterols such as 7-hydroxycholesterol

and 7-ketocholesterol transfer spontaneously between biological membranes at rates

that are one order of magnitude faster than those of cholesterol (Vila et al. 2001). Thus,

oxysterols are postulated to modify the organization of membrane microdomains

(Olkkonen and Hynynen 2009; Massey 2006). In fact, Berthier et al. (2004) found

that 7-ketocholesterol accumulates preferentially in the lipid-raft domains in plasma

membranes. 7-Ketocholesterol modulates the PI3-K/PDK-1/Akt signaling pathway

by disorganizing the packaging of cytoplasmic membranes (Vejux et al. 2009).

Conversely, an in vivo animal experiment demonstrated that intracutaneous injection

a mixture of Chol-OOH induces the activity of matrix metalloproteinase-9 in the skin

of hairless mice (Minami et al. 2009). It is likely that Chol-OOH also modulates the

lipid-raft structure, resulting in the promotion of signaling pathways of matrix

metalloproteinases.

Alternatively, Chol-OOH is moved to target sites within the cell to influence

cellular functions. Sterol carrier protein-2 (SCP-2) has been suggested to act as a

carrier of Chol-OOH to be conveyed to target sites where Chol-OOH reacts with

proteins specifically after conversion into their degradation products (Kriska

et al. 2010). To investigate the pathophysiological effect of Chol-OOH, in vivo
studies are required to ascertain the effect of Chol-OOH and its degradation on the

modification of lipid rafts in biomembranes and its direct binding to target proteins.

References

Adachi J, Asano M, Ueno Y, Reily M, Mantle D, Peters TJ, Preedy VR (2000) 7α-and 7-

β-Hydroperoxycholest-5-ene-3β-ol in muscle as indices of oxidative stress: response to ethanol

dosage in rats. Alcohol Clin Exp Res 24:675–681

Anticoli S, Arciello M, Mancinetti A, De Martins M, Ginald L, Iuliano L, Balsano C (2009)

7-ketocholesterol and 5,6-secosterol modulate differently the stress-activated mitogen-acti-

vated protein kinase (MAPK) in liver cells. J Cell Physiol 222:586–595

Ariyoshi K, Adachi J, Asano M, Ueno Y, Rejendram R, Preedy V (2002) Effect of chronic ethanol

feeding on oxysterol in rat liver. Free Radic Res 36:661–666

Berthier A, Lemaire-Ewing PC, Monier S, Athias A, Bessede G, de Barros J-PP, Laubrier A,

Gambert P, Lizard G, Neel D (2004) Involvement of a calcium-dependent dephosphorylation

of BAD associated with the localization of Trpc-1 within lipid rafts in 7-ketocholesterol-

induced THP-1 cell apoptosis. Cell Death Differ 11:897–905

7 Cholesterol Hydroperoxides and Their Degradation Mechanism 89



Brinkhourt J, Nara SJ, Pratt DA (2008) Hock cleavage of cholesterol 5α-hydroperoxides: an
ozone-free pathway to the cholesterol ozonolysis products identified in arterial plaque and

brain tissue. J Am Chem Soc 130:12224–12225

Brown AJ, Jessup W (1999) Oxysterol and atherosclerosis. Atherosclerosis 142:1–28

Freimer AA (1979) The reaction of singlet oxygen with olefins: the question of mechanism. Chem

Rev 79:359–387

Girroti AW, Korytowski W (2000) Cholesterol as a singlet oxygen detector in biological system.

Methods Enzymol 319:85–100

Korytowski W, Schmitt JC, Girotti AW (2010) Surprising inability of singlet oxygen-generated

6-hydroperoxycholesterol to induce damaging free radical lipid peroxidation in cell mem-

branes. Photochem Photobiol 86:747–751

Korytowski W, Bachowski G, Girotti A (1992) Photoperoxidation of cholesterol in homogenious

solution, isolated membranes and cells: comparison of the 5α-and 6-β-hydroperoxides as

indicators of singlet oxygen intermediacy. Photochem Photobiol 56:1–8

Korytowski W, Geiger PG, Girotti AW (1996) Enzymatic reducibility to cytotoxicity for various

cholesterol hydroperoxides. Biochemistry 35:8770–8779

Kriska T, Pilat A, Schmitt JC, Girotti AW (2010) Sterolcarrierprotein-2(SCP-2) involvement in

cholesterol hydroperoxide cytotoxicity as revealed by SCP-2 inhibitor effects. J Lipid Res

51:3174–3184

Larsson DA, Baird S, Nyhalah JD, Yuan X-M, Li W (2006) Oxysterol mixtures, in atheroma-

relevant proportions, display synergistic and proapoptiotic effects. Free Radic Biol Med

41:902–910

Leonarduzzi G, Gamba P, Sottero B, Kadl A, Robbesyn F, Calogero RA, Biasi F, Chiarpotto E,

Leitinger N, Sevanian A, Poli G (2005) Oxysterol-induced up-regulation of MCP-1 expression

and synthesis in macrophage cells. Free Radic Biol Med 39:1152–1161

Lordan S, Mackrill JJ, O’Brien NM (2009) Oxysterol and mechanism of apoptotic signaling:

implications in the pathology of degenerative diseases. J Nutr Biochem 20:321–336

Massey JB (2006) Membrane and protein interactions of oxysterols. Curr Opin Lipidol

17:296–301

Minami Y, Yokoi S, Setoyama M, Bando N, Takeda S, Kawai Y, Terao J (2007) Combination of

TLC blotting and gas chromatography–mass spectrometry for analysis of peroxidized choles-

terol. Lipids 42:1055–1063

Minami Y, Kawabata K, Kubo Y, Arase S, Hirasaka K, Nikawa T, Bando N, Kawai Y, Terao J

(2009) Peroxidized cholesterol-induced matrix metalloproteinase-9 activation and its suppres-

sion by dietary β-carotene in photoaging of hairless mouse skin. J Nutr Biochem 20:389–398

Miyamoto S, Arai H, Terao J (2010) Enzymatic antioxidant defenses. In: Aldini G, Yeum K-J,

Niki E, Russell RM (eds) Biomarkers for antioxidant defenses and oxidative damage. Princi-

ples and practical applications. Wiley-Blackwell Publishing, Hoboken NJ, USA, pp 21–33

Niki E (2005) Lipid peroxidation: mechanisms, inhibition, and biological effects. Biochem

Biophys Res Comm 338:668–676

Niki E (2009) Lipid peroxidation: physiological levels and dual biological effects. Free Radic Biol

Med 47:469–484

Olkkonen VM, Hynynen R (2009) Interactions of oxysterols with membranes and proteins. Mol

Asp Med 30:123–133

Olsher M, Yoon S-I, Chong L-G (2005) Role of sterol superlattice in free radical-induced sterol

oxidation in lipid membranes. Biochemistry 44:2080–2087

Otaegui-Arrazola A, Carrno-Nenendez M, Ansorena D, Astiasaran I (2010) Oxysterols: a world to

explore. Food Chem Toxicol 48:3289–3303

Saito Y, Yoshida Y, Niki E (2007) Cholesterol is more susceptible to oxidation than linoleate in

cultured cells under oxidative stress induced by selenium deficiency and free radicals. FEBS

Lett 581:4349–4354

90 J. Terao



Steffen Y, Wiswedel I, Petyer D, Schewe T, Sies H (2006) Cytotoxicity of myeloperoxidase/

nitrite-oxidized low-density lipoprotein toward endothelial cells is due to a high 7β-hydroxy
cholesterol to 7-ketocholesterol ratio. Free Radic Biol Med 41:1139–1150

Takeuchi C, Galve R, Nieva J, Witter DP, Wentworth AD, Yroseth RP, Lerner RA, Wentworth P

(2006) Proatherogenic effects of the cholesterol ozonolysis products, atheronal-A and

atheronal-B. Biochemistry 45:7162–7170

Uemi M, Ronsein GE, Fernanda M, Prado M, Motta FD, Miyamoto S, Medeiros MG, DiMascio

PD (2011) Cholesterol hydroperoxides generates singlet molecular oxygen [O2
1Δg]: near-IR

emission. 18O-labelled hydroperoxides, and mass spectrometry. Chem Res Toxicol

24:887–895

van Reyk D, Brown A, Hult’en LM, Dean R, Jessup W (2006) Oxysterol in biological systems:

sources, metabolism and pathophysiological releavance. Redox Rep 11:255–262

Vejux A, Guyot S, Montange T, Riedinger J-M, Kahn E, Lizard G (2009) Phospholipidosis and

down-regulation of the PI3-K/PDK-1/Akt signaling pathway are vitamin E inhibitable events

associated with 7-ketocholesterol-induced apoptosis. J Nutr Biochem 20:45–61

Vever-Bizet C, Dellinger M, Braut D, Rougee M, Bensasson RV (1989) Singlet molecular oxygen

quenching by saturated and unsaturated fatty-acids and by cholesterol. Photochem Photobiol

50:321–325

Vila A, Korytowski W, Girotti AW (2001) Spontaneous intermembrane transfer of various

cholesterol-derived hydroperoxide species; kinetic studies with model membranes and cell.

Biochemistry 40:14715–14726

Yamazaki S, Ozawa N, Hiratsuka A, Watabe T (1999) Increase in cholesterol 7-hydroperoxides in

lipids of human skin by sunlight exposure. Free Radic Biol Med 26:1126–1133

Yaqoob P (2009) The nutritional significance of lipid rafts. Ann Rev Nutr 29:257–282

Yoshida Y, Saito Y, Hayakawa M, Habuchi Y, Imai Y, Sawai Y, Niki E (2007) Level of lipid

peroxidation in human plasma and erythrocytes: comparison between fatty acid and choles-

terol. Lipids 42:439–449

7 Cholesterol Hydroperoxides and Their Degradation Mechanism 91



Part II

Pathophysiological Consequences



Chapter 8

Amide-Adducts in Atherosclerosis

Michitaka Naito

Abstract Too many hypotheses in the etiology of atherosclerosis have been

proposed. Classically, lipid insudation hypothesis by Virchow and thrombogenic

hypothesis by Rokitansky are famous. However, in the recent progress in the area of

atherosclerosis, the response-to-injury hypothesis by Ross (Ross R Glomset JA,

N Engl J Med 295:369–377, 420–425, 1976; Ross R, Arteriosclerosis 1:293–311,

1981; Ross R, N Engl J Med 314:488–500, 1986; Ross R, Nature 362:801–809,

1993; Ross R, N Engl J Med 340:115–126, 1999) has been the leading one. In this

review, however, the author focuses to the recent debate on the role of oxidative

modification of atherogenic lipoproteins.

Keywords Atherosclerosis • Inflammation • Oxidative stress • Amide-adduct

1 Theories of Atherosclerosis

1.1 LDL Oxidation Hypothesis

Steinberg (1997; Steinberg et al. 1989) suggested that oxidative modification of low

density lipoprotein (LDL) is important in the pathogenesis of atherosclerosis. LDL

can be modified by incubation with endothelial cells, smooth muscle cells, or

monocytes/macrophages in the presence of trace amount of transition metals.

This biological modification of LDL is mediated by a free radical-induced perox-

idation by copper or iron in the absence of cells. The potential atherogenic effects of

oxidized LDL include (1) chemotactic activity, which facilitates the recruitment of
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circulating monocytes, (2) the inhibition of the migration of macrophages from the

arterial wall back to the circulation, (3) the enhanced uptake by macrophages

through scavenger receptors, leading to the formation of foam cells, and (4) cyto-

toxicity to endothelial cells, that may facilitate the accumulation of LDL and

monocytes in the early stage, causing endothelial denudation at a later stage.

1.2 Response-to-Retention Hypothesis

Williams and Tabas (1995, 2005) doubted the Steinberg’s LDL oxidation hypothesis,

which looks upon the oxidation of LDL as the essential factor in the initiation of

atherosclerosis, and proposed the response-to-retention hypothesis. According to

their theory, the deposition and retention of lipoprotein particles, particularly LDL,

are sufficient for the initiation of atherosclerosis, and the oxidation of LDL is not

required for the initial stage of atherosclerosis. LDL accumulated in the arterial

intima easily binds to extracellular matrix including proteoglycans, aggregates, and

then is taken up by macrophages through scavenger receptors, leading to foam cell

formation. Lipolytic enzymes such as lipoprotein lipase and sphingomyelinase may

be involved in the intramural retention of lipoproteins. Among the atherogenic

lipoproteins, especially lipoprotein(a) is prone to be retained in the intima. Apolipo-

proteins B100, C-II, and E may also be involved. Among them, apolipoprotein C-II is

predisposed to form amyloid, and stimulates inflammatory response of macrophages

(Medeiros et al. 2004). In fact, amyloid, macrophages, and apolipoprotein C-II

colocalize in human atherosclerotic lesions. Collagen, fibrin, and fibronectin may

also be involved in the deposition of lipoproteins.

Although the inflammatory nature of atherosclerosis has been established as

will be discussed later, the substances that start inflammation in the artery wall are

largely unknown. It is clear that chronic infections yield a higher risk for cardio-

vascular disease. However, because germ-free animals are also susceptible to

atherosclerosis (Wright et al. 2000), it is considered that endogenous substances

can also stimulate inflammation. Cholesterol crystal has been reported to be the

candidate (Duewell et al. 2010). Small crystals appeared in subendothelial areas

that were rich in immune cells as early as 2 weeks after the start of atherogenic

diet. A sharp increase in the incidence of cholesterol crystals has been observed

in human atherosclerotic lesions as they progress from fatty streaks to more

advanced lesions (Rajamäki et al. 2010). Cholesterol crystals activate the

NLRP3 inflammasome in phagocytes in vitro in a process that involves

phagolysosomal damage. In contrast, cholesteryl esters form droplets rather

than crystals and are considered to be a storage form of cholesterol.
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1.3 Oxidative Response to Inflammation Hypothesis

In 2004, synthesizing the results obtained from molecular and cellular biology,

animal experiments, and clinical and epidemiological studies, Stocker and Keaney

(2004) introduced the “oxidative response to inflammation” theory, and proposed

that inflammation, but not oxidative stress is the real cause of atherosclerosis, and

oxidative stress is merely accompanied as the consequence of inflammation.

According to their theory, the primary process of atherosclerosis initiation is not

oxidative stress, but inflammation, and oxidative stress is merely a secondary event.

Among the evidence related to their theory, atherosclerosis was aggravated in the

scavenger receptor deficient animal (de Winther et al. 1999), and the over-

expression of scavenger receptor inhibited atherosclerotic process (Whitman

et al. 2002). However, the relation between the oxidative stress and inflammation

is complex, and it is not easy to differentiate which is the cause and which is the

result. Moreover, the view point of atherosclerosis as inflammation is not novel.

Indeed, before Ross (1999) proposed the inflammation as the pathogenesis of

atherosclerosis, steroidal (Naito et al. 1992) and non-steroidal anti-inflammatory

agents (Bailey and Butler 1973) had been reported to inhibit atherosclerosis

induced by cholesterol feeding without influencing the plasma cholesterol level.

1.4 Unifying Hypothesis of Atherosclerosis

Atherosclerosis is multifactorial pathology, and the author introduced the unifying

theory in 2000 (Naito 2000), putting together various aspects of findings, and

pointed out the paramount importance of (1) the insudation, deposition, and denat-

uralization (including oxidative modification) of plasma components, particularly

atherogenic lipoproteins such as LDL and fibrinogen into the subendothelial space,

(2) the formation of thrombus, fibrinolysis, and the organization, and (3) the

inflammatory response to those events (Fig. 8.1).

Except for the modified version of (inflammatory) response-to-injury hypothesis

by Ross, the theories proposed by Steinberg (LDL oxidation hypothesis), Williams

and Tabas (response-to-retention hypothesis), and Stocker and Keaney (oxidative

response-to-inflammation hypothesis) are all related only to the initiation and early

stages of atherosclerosis. After the initiation of atherosclerosis, its development

thereafter is explained by Ross’s hypothesis. However, even in the modified version

of his hypothesis published only several months before his death (Ross 1999),

although the importance of chronic inflammation was emphasized, the role of

coagulation and fibrinolysis was not mentioned. There is no sufficient evidence to

show the participation of mural thrombosis in the initiation of atherosclerosis,

however, this mechanism is essential for the growth and development of the lesion.
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2 CRP and Atherosclerosis

C-reactive protein (CRP), an acute-phase protein, binds specifically to phosphor-

ylcholine as a component of capsular polysaccharide of many microorganisms.

CRP also binds to apoptotic cells, enhancing their clearance. CRP promotes the

clearance of CRP-opsonized particles by binding to FCγ receptors (Bharadwaj

et al. 1999; Mold et al. 2001). CRP bound to multivalent ligands also activates a

classical complement pathway, enhancing phagocytosis (Mold et al. 1999). CRP

binds to oxidized LDL but not native LDL, and the binding to oxidized LDL is

mediated through recognition of phosphorylcholine. CRP binds oxidized LDL and

apoptotic cells by recognition of a phosphorylcholine moiety that becomes exposed

and accessible as a result of oxidation of phosphatidylcholine molecule (Chang

et al. 2002). These findings indicate that the main biological function of CRP is a

first-line innate immune response to oxidized phosphorylcholine-bearing phospho-

lipids within oxidized LDL and on the plasma membrane of apoptotic cells.

However, it was also reported that CRP-bound enzymatically modified LDL did

not transform macrophages into foam cells (Singh et al. 2008).

CRP is predominantly synthesized by hepatocytes as an acute-phase reactant and

is transcriptionally driven by interleukin-6, with synergistic enhancement by

interleukin-1. However, some studies showed that CRP may be produced in
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atherosclerotic lesion (Yasojima et al. 2001) and by smooth muscle cells (Calabró

et al. 2003) and macrophages (Dong and Wright 1996).

CRP is found localized in inflamed tissues, including atherosclerotic lesion

(Hatanaka et al. 1995). CRP displays both anti-inflammatory and proinflammatory

effects in vitro. The latter includes the ability of ligand-bound CRP to activate the

complement system (Volanakis 1982). Activated complements have also been

found in human atherosclerotic lesions (Seifert and Kazatchkine 1988).

The expression of vascular CRP is closely colocalized with NAD(P)H oxidase, a

crucial enzyme for the origin of reactive oxygen species (ROS) in vessel walls

(Kobayashi et al. 2003). It is reported that plaque instability was associated with the

expression of CRP in directional coronary atherectomy specimens, and the expres-

sion of CRP was colocalized with NAD(P)H oxidase p22phox protein. Incubation of

cultured coronary artery smooth muscle cells with CRP resulted in enhanced

protein expression of NAD(P)H oxidase p22phox and the generation of H2O2.

CRP also promotes apoptosis of vascular smooth muscle cells, and may contribute

to plaque instability.

CRP increases tissue factor expression in monocytes/macrophages, promotes

monocyte chemotaxis and adhesion to endothelial cells, and stimulates the release

of ROS, matrix metalloproteinase-1 (MMP-1), CC-chemokine receptor 2 (CCR2),

cytokines, and macrophage-colony stimulating factor (M-CSF) (Devaraj

et al. 2009). CRP treatment significantly increases the release of MPO from

polymorphonuclear cells and monocytes/macrophages and causes nitro-

tyrosinylation of LDL (Singh et al. 2009). The colocalization of CRP and macro-

phages has been demonstrated in atherosclerotic lesions in human (Yasojima

et al. 2001) and animals (Fukuchi et al. 2008).

3 Lipid Peroxidation and Atherosclerosis

Lipid hydroperoxide-derived modification of protein may serve as one mechanism

for the modification of LDL and subsequent foam cell formation in the atheroscle-

rotic lesion. Oxidation of LDL leads to the loss of ε-amino groups from lysine

residues in apolipoprotein B100 due to the covalent adduction of the oxidatively

decomposed products of polyunsaturated fatty acid esters.

Lipid hydroperoxides are the initial products of lipid peroxidation, which are

subsequently decomposed to a variety of products such as aldehydes. It has been

shown that reaction of 13-hydroperoxyoctadienoic acid (13-HPODE) with lysine

residues resulted in the formation of two major amide-type adducts, Nε-hexanoyl-

lysine (HEL) (Kato et al. 1999) and Nε-azelayl-lysine (AZL) (Kawai et al. 2003).

Aldehydes such as malondialdehyde (MDA) and 4-hydroxy-2-nonenal (HNE),

the major lipid peroxidation end-products, are highly reactive to ε-amino groups in

proteins. MDA-lysine (Uchida et al. 1997), HNE-lysine (Uchida et al. 1994), and

acrolein-lysine adducts (Uchida et al. 1998) are detected in oxidized LDL and

atherosclerotic lesion.
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In our study, CRP was detected mostly in the macrophage-derived foam cell-rich

areas of rabbit fatty lesions. Immunopositive staining of HEL was observed in the

foam cell-rich areas, where it almost colocalized with CRP-positive macrophages

(Fukuchi et al. 2008). Dityrosine (DY) was also observed in the foam cell-rich

areas, essentially similar to the deposition of HEL. HEL and DY were colocalized

with CRP-positive macrophages.

HEL is produced in the reaction between linoleic hydroperoxide and lysine

moiety, and is an early and stable marker for protein oxidation derived from lipid

peroxidation. HEL is shown in oxidized LDL and in human atherosclerotic lesion,

using a specific monoclonal antibody to HEL moiety. The hydroperoxide-derived

carboxylic adducts, such as AZL, and their esters linked with phospholipids, are

also detected in rabbit atherosclerotic lesions (Kawai et al. 2003).

Dityrosine (DY) is formed by the reaction of two tyrosyl radicals and catalyzed

by myeloperoxidase in the presence of H2O2, but it can also be generated by metal-

catalyzed oxidation. DY has been detected immunochemically in lipofuscin of

pyramidal neurons of aged human brains (Kato et al. 1998) and in the atheroscle-

rotic lesions of apolipoprotein E-deficient mice (Kato et al. 2000). NAD(P)H

oxidase plays a crucial role in the generation of ROS in vascular cells. NAD(P)H

oxidase converts oxygen into superoxide (O2
�), and O2

�then dismutates into H2O2,

an oxidizing substrate for myeloperoxidase. Myeloperoxidase, using H2O2 gener-

ated by this system, forms a DY cross-link from the tyrosine residue of the target

protein (Heinecke 2002). Oxidants derived from the phagocyte NAD(P)H oxidase

provide one pathway for generating DY cross-links in vivo. Neutrophils markedly

increase their content of protein-bound DY when they are activated in wild-type

mice; however, this increase fails to occur in mice that are deficient in phagocyte

NAD(P)H oxidase (Bhattacharjee et al. 2001). CRP accumulating in atherosclerotic

lesion may mediate the production of DY by increasing NAD(P)H oxidase p22phox

expression and ROS generation, since DY was produced in LDL oxidized with

tyrosyl radical generated by myeloperoxidase-H2O2 system (Heinecke 2002).

References

Bailey JM, Butler J (1973) Anti-inflammatory drugs in experimental atherosclerosis. I. Relative

potencies for inhibiting plaque formation. Atherosclerosis 17:515–522

Bharadwaj D, Stein MP, Volzer M et al (1999) The major receptor for C-reactive protein on

leukocytes is Fcγ receptor II. J Exp Med 190:585–590

Bhattacharjee S, Pennathur S, Byun J (2001) NADPH oxidase of neutrophils elevates o, o’-dityrosine

cross-links in proteins and urine during inflammation. Arch Biochem Biophys 395:69–77
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Chapter 9

Oxidative Modification of Lipoproteins

Hirofumi Arai

Abstract Lipoproteins consist of lipids and apolipoproteins that have functional

roles in lipid metabolism. It has been suggested that oxidation of lipoproteins by

reactive oxygen species (ROS) may be involved in the inception of various dis-

eases. In particular, the relationship between low-density lipoprotein (LDL) oxida-

tion and atherosclerosis has been studied in great detail. The main target molecules

of lipoprotein oxidation are polyunsaturated fatty acid residues of lipids and

apolipoproteins. Extensive investigations have characterized oxidative modifica-

tions of apolipoprotein B100 (apo B100) in LDL. Furthermore, modifications of

apo B100 by oxidized lipids have been confirmed in oxidized LDL and atheroscle-

rotic lesions using immunological techniques. In this chapter, characteristics and

oxidation mechanisms of lipoproteins by ROS are described from in vitro and

in vivo studies. Oxidative modifications of apo B100 by lipid hydroperoxides,

major products of lipid peroxidation at the early stage, are principally reported.

Keywords Lipoprotein • Lipid • Apolipoprotein • Oxidation • Atherosclerosis

1 Characteristics of Lipoproteins

Lipoproteins are particles composed of lipids and apolipoproteins and are mainly

classified on the basis of their density. Lipoproteins transport dietary and storage

lipids from the small intestine and the liver to peripheral tissues through the

circulation system. In this section, lipoprotein structure, classification, metabolism

are described in terms of apolipoproteins functions.
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1.1 Lipoprotein Structure

Lipoprotein particles in human serum contain both lipids and proteins. The general

structure of lipoproteins is shown in Fig. 9.1 (Hevonoja et al. 2000). Lipoprotein

particles consist of a core of hydrophobic lipids such as triglycerides (TG) and choles-

terol esters (CE) covered by a monolayer shell of phospholipids (PL) including apoli-

poproteins and lipophilic antioxidants such as α-tocopherol. Unesterified cholesterol

(UC) is located in both the core (one-third) and the shell (two-thirds). Amphipathic PL

and apolipoproteins in the shell are responsible for water-solubility and enable trans-

port of lipoproteins in lymphatic and circulatory systems.

1.2 Lipoprotein Classes

Lipoproteins are generally classified on the basis of their density as shown in

Table 9.1 (Berg et al. 2010). Chylomicrons (CM; d < 0.95 g/ml), very-low-density

lipoproteins (VLDL; d ¼ 0.95–1.006), intermediate-density lipoproteins (IDL;

d ¼ 1.006–1.019), low-density lipoproteins (LDL; d ¼ 1.019–1.063), and high-

density lipoproteins (HDL; d ¼ 1.063–1.210) can be fractionated by ultracentrifu-

gation from blood plasma (Hatch 1968). Lipoprotein density depends on the

relative contents of lipid and apolipoprotein and is inversely correlated with lipid

contents. The composition of lipoproteins is shown in Table 9.2 (Berg et al. 2010).

CM contain large quantities of lipids (98 %, mostly TG), but a very small amount of

apolipoproteins (2 %) (Vance and Vance 2008). VLDL include more than 90 %

Fig. 9.1 Typical structure

of a human lipoprotein.

A lipoprotein particle is

comprised of a hydrophobic

core of triglycerides and

cholesterol esters and a

hydrophilic shell of

phospholipids including

apolipoproteins
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lipids predominantly TG and 8 % apolipoproteins. IDL and LDL, metabolites of

VLDL during circulation, have lower lipids and higher apolipoproteins contents

than VLDL. The major lipid in LDL is CE (38 %) rather than TG (10 %). HDL

contain a higher ratio of apolipoprotein (33–57 %) to lipid than other lipoprotein

classes. Although subclasses of LDL have been reported, their classifications are

inconsistent. Nonetheless, LDL III and IV (d ¼ 1.043–1.060) are generally con-

sidered small dense LDL (sd-LDL) (Hirayama and Miida 2012). In cholesterol-rich

LDL, lipoprotein(a) includes apolipoprotein(a) bound covalently to apolipoprotein

B100 (apo B100) (Nordestgaard et al. 2010). Notably, serum sd-LDL and lipopro-

tein(a) concentrations are accepted risk factors for cardiovascular disease.

1.3 Metabolism of Lipoprotein

CM are formed by the exogenous lipids that are absorbed from the epithelium of the

small intestine after food intake. As shown in Fig. 9.2, they are secreted into lymph

vessels and then veins through the thoracic duct. After TG hydrolysis by lipoprotein

lipase (LPL) on the surface of vascular endothelial cells during the circulation, CM

provide the resulting fatty acids (FA) for peripheral and adipose tissues. Subsequently,

CM become CM remnants and are transported into the liver by remnant receptors.

VLDL are mainly constituted with endogenous lipids in the liver and also supply

FA to peripheral and adipose tissues during gradual hydrolysis of TG by LPL in the

circulation. VLDL are converted to IDL and then LDL as the density increases by

Table 9.1 Properties of

lipoprotein classes
Density (g/ml) Diameter (nm)

CM <0.950 75–1,200

VLDL 0.950–1.006 30–80

IDL 1.006–1.019 15–35

LDL 1.019–1.063 18–25

HDL 1.063–1.210 7.5–20

Abbreviations: CM chylomicrons, VLDL very-low-density lipo-

protein, IDL intermediate-density lipoprotein, LDL low-density

lipoprotein, HDL high-density lipoprotein

Table 9.2 Composition of

lipoproteins (%)
Apolipoprotein TG CE PL UC

CM 2 86 3 8 1

VLDL 8 52 14 18 7

IDL 11 38 30 23 8

LDL 21 10 38 22 8

HDL 33–57 5–10 14–21 19–29 3–7

Abbreviations: TG triglyceride, CE cholesterol ester, PL phos-

pholipid, UC unesterified cholesterol
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the decrease of TG contents. Consequently, the CE content of LDL is relatively

higher than that of TG. LDL particles are finally incorporated into the liver and

peripheral tissues.

HDL are synthesized in the liver and the small intestine and are comprised of a

relatively higher amount of apolipoproteins than that of other lipoproteins. HDL act

to collect UC from peripheral tissues. UC in HDL is esterified to CE by lecithin-

cholesterol acyltransferase (LCAT) and the CE is transferred to CM, VLDL, and

IDL, which bring it back to the liver.

1.4 Apolipoproteins

Table 9.3 shows the characteristics of major human lipoproteins (Vance and

Vance 2008). A function of the apolipoproteins located in the amphipathic PL

outer shell of lipoprotein particles is to solubilize lipoproteins including hydro-

phobic TG and CE in lymph fluid and blood. In fact, apo A1 of HDL has α-helical
regions comprised of clusters of both hydrophobic and hydrophilic amino acid

residues that contribute to amphipathicity. In addition, some apolipoproteins

regulate enzymes of lipoprotein metabolism. For instance, apo A1, apo A4, and

apo C1 activate LCAT and apo C2 activates LPL. Apolipoproteins also function

Fig. 9.2 Summary of lipoprotein metabolism. CM are formed in the small intestine and are then

secreted into the circulation system. In the circulation, TG in CM are gradually hydrolyzed by

lipoprotein lipase (LPL) to fatty acids (FA), which are absorbed by peripheral tissues. Finally, CM
become CM remnants, which are absorbed by the liver. VLDL are produced in the liver, and FA

from TG hydrolysis by LPL are then supplied to peripheral tissues. As the density of the

lipoprotein particle increases, VLDL turn into IDL and then LDL, which are incorporated by the

liver and peripheral tissues
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as ligands for specific lipoprotein receptors and mediate the uptake of lipoproteins

by cells. Apo B100, a major apolipoprotein of LDL and VLDL, is a very high

molecular weight protein and acts as a ligand for LDL receptors of the liver and

peripheral tissues. ApoE of VLDL, HDL, and CM act as a ligand for remnant

receptors of the liver.

2 Lipoprotein Oxidation

It has been suggested that reactive oxygen species (ROS) such as hydroxyl radicals

directly oxidize amino acid residues of proteins such as arginine, lysine, proline,

cysteine, threonine, leucine, and histidine, leading to cleavage of polypeptide

chains and formation of cross-linked proteins (Stadtman and Levine 2003). When

lipoproteins are exposed to ROS, amino acid residues of apolipoproteins may be

oxidized by two pathways, which are direct oxidation by ROS and reactions with

oxidized lipids (Fig. 9.3).

LDL, VLDL, and HDL contain a relatively high amount of n-6 polyunsaturated

fatty acid residues such as linoleic acid (LA) and arachidonic acid (Hevonoja

et al. 2000). Polyunsaturated fatty acids are major targets for ROS-mediated lipid

peroxidation, in which lipid hydroperoxides (LOOH) are accumulated by radical

chain reactions (Halliwell and Gutteridge 2007). In the presence of transition metal

ions such as iron and copper, LOOH are decomposed and a variety of aldehyde

compounds are generated as secondary products (Fig. 9.3). Among these, LOOH

and aldehydes can induce oxidative modifications of amino acid residues such as

lysine, cysteine, and histidine (Kato and Osawa 2010; Sayre et al. 2006). Such

oxidative modification leads to protein dysfunctions that may be associated with

Table 9.3 Characteristics of major human lipoproteins (Vance and Vance 2008)

Apolipoprotein Molecular weight Lipoprotein class

Concentration in plasma

(mg/dl) Biosynthesis

A1 28,100 HDL, CM 130 Liver, small

intestine

A2 17,400 HDL 40 Liver, small

intestine

A4 44,500 CM 15 Liver, small

intestine

B48 242,000 CM Small intestine

B100 512,000 LDL, VLDL 100 Liver

C1 6,600 VLDL, CM, HDL 3 Liver

C2 9,000 VLDL, CM, HDL 12 Liver

C3 9,000 VLDL, CM, HDL 12 Liver

D 22,000 HDL 12 Liver

E 34,200 VLDL, CM, HDL 7 Liver (mainly)

Biosynthesis column was added to the original Table
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various diseases. This section describes oxidative modifications of apolipoproteins

during lipid peroxidation and particularly focuses on reactions between apo B100 in

LDL and LOOH.

2.1 Oxidative Modification of Apo B100 in LDL by Lipid
Hydroperoxides

It has been suggested that oxidation of LDL may play an important role in the onset

of atherosclerosis, although the pathogenic mechanisms remain to be fully eluci-

dated (Steinberg 2009; Yoshida and Kisugi 2010). Excess levels of LDL tend to be

accumulated in vascular intima. Under conditions of intima stress, LDL oxidation

may be induced by ROS such as superoxide anions (Heinecke et al. 1986;

Steinbrecher 1988; Darley-Usmar et al. 1992) and peroxynitrite (Stanbro 2000;

Rubbo et al. 2002; Botti et al. 2005), metal ions such as copper (Burkitt 2001; Patel

and Darley-Usmar 1999; Ferns et al. 1997) and iron (Yuan and Brunk 1998; Chau

2000; Arai et al. 2005a), and enzymes such as myeloperoxidase (MPO) (Heinecke

1997; Podrez et al. 2000; Carr et al. 2000) and lipoxygenase (LOX) (Harats

et al. 1995; Yamashita et al. 1999; Wittwer and Hersberger 2007), although

in vivo mechanisms of LDL oxidation are unclear. Oxidized LDL (Ox-LDL)

particles are ingested by monocyte-derived macrophages through scavenger recep-

tors, which lead to foam cell formation with inflammatory cytokines secretion.

Fig. 9.3 Possible pathways of apolipoproteins oxidation by reactive oxygen species (ROS).

Hydrogen of polyunsaturated fatty acids (LH) residues in lipoproteins are abstracted by free

radicals such as hydroxyl radicals (HO•). Resulting lipid radicals (L•) react with oxygen molecules

and the generated lipid peroxyl radicals (LOO•) react with LH. In this radical chain reaction, lipid

hydroperoxides (LOOH) accumulate as the end product. In the presence of transition metal ions,

LOOH are decomposed to aldehydes as secondary products. ROS, LOOH, and aldehydes are

potential substances to oxidize apolipoproteins
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These foam cells can develop into fatty streaks and then fibrous plaques (Halliwell

and Gutteridge 2007).

Analytical methods for determining Ox-LDL have been developed in many

studies (Yamaguchi et al. 2002). Polyunsaturated fatty acid residues of esterified

lipids (CE, PL and TG) and apo B100 are two main targets for LDL oxidation. It is

accepted that lipid peroxidation is induced by free radicals and lipid hydroperoxides

such as cholesteryl ester hydroperoxides (CE-OOH) and phospholipid hydroperox-

ides (PL-OOH) are formed (Vance and Vance 2008) as major products by radical

chain reactions at the early stage of LDL oxidation. Then oxidized free fatty acids can

be released from the sn-2 position of PL-OOH by phospholipase A2 (PLA2) or Ca
2+-

independent lipoprotein associated PLA2 (Levitan et al. 2010). For in vitro assay of

LDL oxidation induced by free radicals such as azo compounds, LOOH such as

CE-OOH and PL-OOH are determined by high performance liquid chromatography

(HPLC) with UV detection for conjugated dienes as a general index. More sensitive

and specific measurements of LOOH in LDL are achieved using HPLC with chemi-

luminescence (Miyazawa et al. 1990; Yamaguchi et al. 1999) and electrochemical

detection (Thomas et al. 1994). These methods have been applied to estimate LOOH

in intact human LDL, which may be derived from minimally oxidized circulating

LDL. LOOH are decomposed to aldehydes in the presence of transition metal ions,

and this results in the production of thiobarbituric acid reactive substances (TBARS)

such as malondialdehyde (MDA). TBARS are also determined as a major index in

oxidized human plasma and LDL using absorption photometry or HPLC with

fluorescence detection (Bonnefont et al. 1989; Fukunaga et al. 1998).

LDL particles present a single molecule of apo B100 on their surfaces (Segrest

et al. 2001). Apo B100 contains a binding site for the LDL receptor, which is rich in

positively charged amino acid residues (Boren et al. 1998). Oxidative modification of

apo B100 causes electronegativity, fragmentation, and polymerizationas observed by

agarose gel and polyacrylamide gel electrophoresis. Protein carbonyls analysis that is

based on derivatization with 2,4-dinitrophenylhydrazineis widely used as a marker to

detect oxidized proteins (Requena et al. 2003; Levine et al. 2000) and have been

applied to Ox-LDL (Hazell et al. 1994). To specifically detect modified apo B100 of

LDL oxidized by LOOH and aldehydes, various antibodies against oxidized proteins

have been utilized in western blotting (WB) and enzyme-linked immunosorbent

assay (Itabe 2009; Kato and Osawa 2010). Itabe et al. developed the monoclonal

antibody (mAb) DLH3 that recognizes oxidized phosphatidylcholine-modified pro-

teins, which have been found in human arteriosclerotic lesions using immunohisto-

chemical analyses (Itabe et al. 1994, 1996). In addition, Palinski et al. established the

mAb E0 against Ox-LDL and demonstrated its use for immunostaining of human

atherosclerotic lesions (Palinski et al. 1996). Kim et al. demonstrated that a poly-

clonal antibody was raised against LOOH-modified proteins and applied to Ox-LDL

and human atherosclerotic lesions (Kim et al. 1997).

Structure analyses of modified apo B100 in Ox-LDL have been conducted using

immunological techniques. Kato et al. established polyclonal antibodies against

13-hydroperoxyoctadecadienoic acid (13-HPODE)-modified protein and

15-hydroperoxyeicosatetraenoic acid-modified protein, which recognized modified
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apo B100 in LDL that had been oxidized by copper ions or peroxyl radicals

generated from azo compound in vitro (Kato et al. 1997; Kato and Osawa 1998).

Antigenicities of 13-HPODE-modified proteins were significantly enhanced by the

alkaline treatments of Ox-LDL, suggesting that oxidized esterified fatty acids

covalently bound to apo B100 during LDL oxidation. Osawa and colleagues

identified amide-type adducts from the reaction between oxidized polyunsaturated

fatty acids and proteins and developed antibodies against them for application to

biological samples (Table 9.4). They confirmed that Nε-(hexanoyl)lysine (HEL)

and Nε-(azelayl)lysine (AZL) are the recognition moieties of 13-HPODE-modified

proteins (Kato et al. 1999; Kawai et al. 2003a). Moreover, HEL was observed in

Ox-LDL in vitro and in human atherosclerotic lesions using a polyclonal antibody

against synthetic hexanoyl proteins. Immunopositive substances against AZL were

also detected in Ox-LDL and human atherosclerotic aorta after treatment with alkali

or PLA2 (Kawai et al. 2004). HEL and AZL are specifically derived from the

reaction between oxidized n-6 polyunsaturated fatty acids and lysine residues of

proteins, whereas Nε-(succinyl)lysine (SUL) and Nε-(propanoyl)lysine (PRL) were

determined as major moieties of the protein adducts with oxidized n-3 polyunsat-

urated fatty acids such as docosahexaenoic acid (Kawai et al. 2006; Hisaka

et al. 2009). Although it may be difficult to detect SUL and PRL in Ox-LDL

because the concentrations of n-3 polyunsaturated fatty acids in LDL are very

low, PRL was recognized in rabbit atherosclerotic plaques using the mAb G811.

Taken together, these data indicate that LOOH derived from the oxidation of

polyunsaturated fatty acid residues in LDL may be a central pathogenic mechanism

in atherosclerosis. Furthermore, aldehydes produced from the decomposition of

LOOH can modify protein-based lysine ε-amino group (Uchida 2003). In fact,

Uchida et al. developed antibodies against 4-hydroxy-2-nonenal (HNE)-lysine,

MDA-lysine, and acrolein-lysine adducts, which were applied to Ox-LDL and

atherosclerotic lesions (Uchida et al. 1994, 1997, 1998). Kawai et al. also observed

proteins that were modified by 9-oxononanoylcholesterol, a major aldehyde in

oxidized CE, in Ox-LDL and atherosclerotic lesions (Kawai et al. 2003b).

2.2 Oxidation of Other Lipoproteins

VLDL are also oxidized by ROS, which may also be a risk factor for atherosclerosis

(Keidar et al. 1992; Guha and Gursky 2010). In addition to apo B100, VLDL

Table 9.4 Antibodies against amides adducts and their application to biological samples

Target Amide-type Fatty acid Antibody Application

HEL Alkyl n-6 Polyclonal Ox-LDL, atherosclerotic lesion

AZL Carboxyalkyl n-6 Monoclonal, 19D5 Ox-LDL, atherosclerotic aorta

SUL Carboxyalkyl n-3 Monoclonal, 2B12 Oxidized liver

PRL Alkyl n-3 Monoclonal, G811 Atherosclerotic lesion

Abbreviations: HEL Nε-(hexanoyl)lysine, AZL Nε-(azelayl)lysine, SUL Nε-(succinyl)lysine,

PRL Nε-(propanoyl)lysine
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particles contain apo E and C. Oxidation of VLDL in vitro causes fragmentation

and aggregation of these apolipoproteins, which are detected as a smear band by

polyacrylamide gel electrophoresis. Nevertheless, HNE and acrolein modified pro-

teins were observed in oxidized VLDL (Ox-VLDL) by WB using anti-HNE- and

anti-acrolein-Michael adducts antibodies (Arai et al. 1999, 2005b). Modified apo E

of Ox-VLDL lost binding activities to heparin and human hepatocyte, suggesting

that functional amino acid residues of apo E were oxidized.

It has been suggested that HDL suppress the development of atherosclerosis,

which is related to cholesterol efflux in the reverse cholesterol transport pathway

(Wang and Briggs 2004). Various in vivomechanisms of HDL oxidation have been

proposed (Francis 2000), and among these myeloperoxidase (MPO)-catalyzed

oxidation may be a remarkable process (Malle et al. 2006; Heinecke 2007).

Hypochlorite generated by MPO in human atherosclerotic lesions mediates nitra-

tion and chlorination of tyrosine residues in apo A1, a major apolipoprotein in

HDL. Modification of apo A1 in oxidized HDL impairs their ability to remove

excess cellular cholesterol by the ATP-binding cassette transporter ABC1 pathway.

3 Conclusion

ROS-mediated oxidation of lipoproteins such asLDL,VLDL, andHDL is characterized

by lipid peroxidation and apolipoproteins modification. In particular, the mechanisms

behind oxidativemodification of apoB100 inLDLhave been studied extensively, and it

is suggested that Ox-LDL formation with lipid oxidation products such as LOOH may

play an important role in the pathogenesis of atherosclerosis. Immunological techniques

have been utilized to detect LOOH-modified proteins and in the future may be used as

diagnostic tools for ROS related diseases such as atherosclerosis.
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Chapter 10

Immunochemical Detection of Lipid

Hydroperoxide- and Aldehyde-Modified

Proteins in Diseases

Akihiko Sugiyama and Jing Sun

Abstract Polyunsaturated fatty acid (PUFA) is easily peroxidized by free radicals

and enzymes. When this occurs, it results in the compromised integrity of cellular

membranes and leads to lipid hydroperoxide as a major reaction product, which is

decomposed into aldehyde. Lipid hydroperoxide-modified lysine is known to be an

early product of the lipid peroxidation process, suggesting that it might be a PUFA-

oxidative stress marker during the initial stage of oxidative stress. Lipid hydroper-

oxides cause or enhance ROS-mediated DNA fragmentation. The α,β-unsaturated
aldehydes are end products of PUFA peroxidation. They are highly reactive and

readily attack and modify the protein amino acid residues into aldehyde-modified

proteins. Lipid peroxidation-derived α,β-unsaturated aldehydes are capable of

inducing cellular stress-responsive processes such as cell signaling and apoptosis.

The lipid hydroperoxide- and aldehyde-modified proteins have been immunohisto-

chemically detected in diverse pathological situations such as atherosclerosis,

Alzheimer’s disease, Parkinson’s disease, and chemical material-induced liver

injury and renal tubular injury in humans and experimental animals. These findings

suggest that the expression of the lipid hydroperoxide- and aldehyde-modified

proteins is closely associated with the pathogenesis of these diseases in humans

and experimental animals.
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1 Lipid Hydroperoxide- and Aldehyde-Modified Proteins

Polyunsaturated fatty acid (PUFA) is easily peroxidized by free radicals and

enzymes. When this occurs, it results in compromised integrity of cellular mem-

branes and leads to lipid hydroperoxide as a major reaction product, which is then

decomposed into aldehyde (Kato and Osawa 2010).

Lipid hydroperoxides such as Nε-hexanoyl, Nε-propanoyl, Nε-azelayl, Nε-

glutaroyl and Nε-Succinyl can be generated from PUFA peroxidized by free radicals

(Kato and Osawa 2010). These lipid hydroperoxides react with lysine to form lipid

hydroperoxide-modified proteins such as Nε-hexanoyl-modified lysine (HEL), Nε-

propanoyl-modified lysine (PRL), Nε-azelayl-modified lysine (AZL), Nε-glutaroyl-

modified lysine (GLL) orNε-Succinyl-modified lysine (SUL) (Kato andOsawa 2010).

Lipid hydroperoxide-modified lysine is an early product of the lipid peroxidation

process, suggesting that it might be a PUFA-oxidative stress marker during the initial

stage of oxidative stress (Kato and Osawa 2010). HEL and PRL are classified as a

group of alkylamide-type adducts, whereas AZL, GLL and SUL are classified as

carboxyalkylamide-type adducts (Kato and Osawa 2010). HEL is formed by the

reaction of lysine with lipid hydroperoxide derived from linoleic acid or arachidonic

acid (Kato et al. 1999). PRL is formed by the reaction of lysine with lipid hydroper-

oxide derived from docosahexaenoic acid (DHA), eicosapentaenoic acid (EPA) or

α-linolenic acid (Hisaka et al. 2009). SUL is anN-acyl carboxylic adduct composed of

a C4 unit from the COOH terminus of DHA (Kawai et al. 2006). AZL is formed by

oxidized linoleic acid and α-linolenic acid (Kato and Osawa 2010), while GLL is

formed by oxidized arachidonic acid and EPA (Kato and Osawa 2010). Lipid hydro-

peroxides cause or enhance ROS-mediated DNA fragmentation (Higuchi 2003).

The aldehydes such as acrolein, 4-hydroxy-2-nonenal (HNE), malondialdehyde

(MDA), 4-hydroxyhexenal (HHE), crotonaldehyde (CRA), 4-oxo-2-nonenal (ONE),

and glyoxal are end products of the peroxidation of PUFA (Kato and Osawa 2010).

They are classified as α,β-unsaturated aldehydes, which are highly reactive and

readily attack and modify the protein amino acid residues to protein-bound aldehydes

such as acrolein-modified lysine, HHE-modified histidine, CRA-modified lysine and

MDA-modified lysine (Kato and Osawa 2010; Uchida 2000). Lipid peroxidation-

derived α,β-unsaturated aldehydes are capable of inducing cellular stress-responsive

processes such as cell signaling and apoptosis (Lee et al. 2004; Liu et al. 2010).

Acrolein is a potent alkylating agent that reacts with matrix tissue or cell surface

proteins and alters the structure and function of matrix proteins (Uchida 1999). It also

reduces the intracellular GSH level (Uchida 1999). These events activate stress-

signaling pathways via protein phosphorylations (Uchida 1999). HNE demonstrates

a wide range of biologic activities, including inhibition of protein and DNA synthesis,

inactivation of enzymes, stimulation of phospholipase C, reduction of gap junction

communication, and stimulation of neutrophil migration (Uchida 1999). HHE

induces apoptosis of endothelial cells, which is mediated by the enhancement of

apoptotic Bax and the suppression of anti-apoptotic Bcl-2 by peroxynitrite generation

(Lee et al. 2004). HHE induces mitochondrial permeability transition (MPT), which
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leads to the breakdown of the mitochondrial membrane potential, the inability to

synthesize ATP, and finally cell death (Kim et al. 2003; Kristal et al. 1996). HHE also

depletes neuronal glutathione (GSH) content and neuronal reactive oxygen species

(ROS) in rat cerebral cortical neurons (Long et al. 2008). CRA can penetrate through

the cell membrane and bind to GSH without any metabolic activation (Liu

et al. 2010). A reduced GSH level leads to imbalance of cellular redox and causes

increases of ROS and apoptosis (Liu et al. 2010). CRA-induced apoptosis is mediated

via cytochrome c release and caspase cascade (Liu et al. 2010). CRA causes both

apoptosis and necrosis, and there is a transition from apoptosis to necrosis

corresponding with increasing the CRA concentration (Liu et al. 2010).

These lipid hydroperoxide- and aldehyde-modified proteins have been

immunohistochemically detected in diverse diseases in both humans and experi-

mental animals.

2 Atherosclerosis

In humans, atherosclerosis and its complications, i.e., myocardial infarction, stroke,

and peripheral vascular diseases, are major causes of morbidity and mortality in the

Western world (Grant Maxie and Robinson 2007). Atherosclerosis affects the large

elastic arteries (aorta and iliac) and the large and medium muscular arteries

(carotid, coronary and femoral). The essential lesion is the atheroma or fibrofatty

plaque, which is a focal, raised, intimal plaque with a lipid core (mainly cholesterol

and its esters) covered by a fibrous cap (Grant Maxie and Robinson 2007).

Multiple pathogenetic influences can contribute to the development of athero-

sclerosis (Grant Maxie and Robinson 2007). Oxidised low-density lipoprotein-

cholesterol (ox-LDL) plays a major role in the initiation and progression of

atherosclerosis (Mitra et al. 2011). Formed by oxidative stress, ox-LDL also

triggers the generation of reactive oxygen species (ROS) from a variety of cell

types, and contributes to oxidative stress (Mitra et al. 2011). Previous studies have

demonstrated many risk factors for atherosclerosis that induce oxidative stress in

the vessel wall, including smoking (Bernhard and Wang 2007), diabetes mellitus

(Nicolls et al. 2007), dyslipidemia (Mügge et al. 1994), hypertension (Huang

et al. 1998), and periodontitis (Ekuni et al. 2009). Lipid peroxidation is involved

in the development of atherosclerosis. There is an increase in the levels of serum

malondialdehyde in human patients with atherosclerosis and in the rat atheroscle-

rosis model, compared to those of controls (Tamer et al. 2002; Ekuni et al. 2009).

There is immunohistochemical evidence of HEL presence in atherosclerotic lesions

of humans (Kato et al. 1999), cholesterol-fed rabbits (Fukuchi et al. 2008) and

periodontitis model rats (Ekuni et al. 2009). PRL has been immunohistochemically

detected in atherosclerotic lesions of hypercholesterolemic rabbits (Hisaka

et al. 2009). The presence of AZL was also immunohistochemically detected in

the atherosclerotic lesions of humans and rabbits (Kawai et al. 2003, 2004).

Immunoexpression of acrolein-modified keyhole limpet hemocyanin (KLH) have
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been detected in atherosclerotic lesions from a human aorta (Uchida et al. 1998). It

is speculated that HEL, PRL, AZL and acrolein-modified protein may be involved

in the pathogenesis of atherosclerosis.

3 Alzheimer’s Disease

Alzheimer’s disease (AD) is a progressive neurologic disorder characterized clin-

ically as a cognitive impairment that includes memory impairment and at least one

of the following cognitive disturbances: aphasia, apraxia, agnosia, or disturbance in

executive functioning (Zarkovic 2003). The pathology of AD is dominated by

neuronal loss and the formation of amyloid-containing neuritic (senile) plaque

and neurofibrillary tangles in the frontal cortex and hippocampus (Zarkovic

2003). Immunoreactive intensity of the HNE-histidine adduct in CA2, CA3 and

CA4 sectors in the hippocampi was significantly higher in AD patients than in the

controls (Fukuda et al. 2009). Strong immunoexpression of acrolein-modified KLH

occurred in more than half of the neurofibrillary tangles in AD patients (Calingasan

et al. 1999). These results show that pyramidal neurons in these sectors of hippo-

campi and the neurofibrillary of AD patients are prone to undergo lipid peroxida-

tion. The production of cytotoxic products such as HNE and acrolein may be

responsible for the pathogenesis of AD (Fukuda et al. 2009).

4 Parkinson’s Disease

Parkinson’s disease (PD) is a chronic progressive neurodegenerative movement

disorder characterized by a profound and selective loss of nigrostriatal dopaminer-

gic neurons in humans (Jenner 2003). Clinical signs of PD include motor impair-

ments involving resting tremor, a slowing of physical movement, postural

instability, gait difficulty, and rigidity (Jomova et al. 2010). The most striking

pathological feature of PD is a progressive loss of dopaminergic neurons in the

substantia nigra, leading to dopamine deficit in the striatum (Jomova et al. 2010).

One of the pathological hallmarks of PD is the presence of intracellular inclusions

of Lewy bodies that consist of aggregates of α-synuclein (Jomova et al. 2010). The

toxic effects of α-synuclein include impaired endoplasmic reticulum (ER) to Golgi

vesicular trafficking and ER stress, Golgi fragmentation, sequestration of anti-

apoptotic proteins into aggregates, and the formation of pores on cellular mem-

branes (Cooper et al. 2006).

Oxidative stress has been implicated as one of the important contributors to

nigral cell death in PD (Yoritaka et al. 1996). In the previous study, a significantly

higher proportion of nigral melanized neurons was positively immunostained for

HNE-modified protein in PD than in the control patients (Yoritaka et al. 1996).

Immunolocalization of HNE-adduct was demonstrated in Lewy bodies of PD and in
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diffuse Lewy body disease (Castellani et al. 2002). The previous study revealed that

in the dopamine neurons of the substantia nigra containing neuromelanin obtained

from PD patients, acrolein-adduct co-localized with α-synuclein, which was then

modified by acrolein with inhibition of proteasome activity (Shamamoto-Nagai

et al. 2007). Those previous studies indicate that α,β-unsaturated aldehyde such as

HNE and acrolein may be related to the pathogenesis of PD.

5 Carbon Tetrachloride-Induced Liver Injury

Carbon tetrachloride (CCl4) once was widely used as a solvent, cleaner, and

degreaser both for industrial and home use (Weber et al. 2003). Today CCl4 proves

itself useful in experimental models and induces liver injury in many species,

including non-human primates (Yoshida et al. 1999), and humans (Weber

et al. 2003). The liver is the principal site for CCl4-induced effects to manifest

themselves (Weber et al. 2003). Within hours after the administration of CCl4,

hepatic steatosis and central lobular necrosis are induced (Hartley et al. 1999).

Endoplasmic reticulum, plasma membrane, mitochondria, and Golgi apparatus are

the main subcellular structures of hepatocytes affected by CCl4 (Reynolds 1963).

CCl4 metabolism begins with the formation of the trichloromethyl free radical,

CCl3
*, through the action of the mixed function cytochrome P450 oxygenase

system of the endoplasmic reticulum (Recknagel et al. 1989; McCay et al. 1984).

The CCl3
* radical reacts with various biologically important substances such as

amino acids, nucleotides and fatty acids, as well as proteins, nucleic acids and lipids

(Castro 1984). In the presence of oxygen, the CCl3 radical is converted to the

trichloromethyl peroxy radical, CCl3OO
*. CCl3OO

* is far more likely than CCl3
* to

abstract a hydrogen from polyunsaturated fatty acids (PUFA) (Forni et al. 1983),

thereby initiating the process of lipid peroxidation (Cheeseman et al. 1985). The

abstraction of a hydrogen from fatty acid initiates a complex series of reactions that

terminate in the complete disintegration of the PUFA molecule with the formation

of aldehydes, other carbonyles, and alkanes (Weber et al. 2003). Lipid peroxidation

may damage cellular functions in two ways: by compromising membrane function

and by covalent binding of reactive intermediates (Weber et al. 2003).

The formation of SUL has been immunohistochemically observed around the

portal vein in the liver of mice fed with DHA followed by an intraperitoneal

injection of CCl4, whereas the immunoexpression of SUL was scarcely observed

in the control, DHA-alone, and CCl4-alone groups, using monoclonal antibody

(mAb2B12) raised against the SUL adduct (Kawai et al. 2006).

As early as 6 h after oral administration of CCl4 (1.0 ml/kg), MDA-amine and

4-HNE-sulfhydryl adducts were immunohistochemically detected in hepatocytes

localized to zone 2 of the hepatic lobule (Hartley et al. 1999). The density of

MDA-adducts-positive hepatocytes and HNE-adducts-positive hepatocytes increased

with time up to 36 h post-CCl4 administration. MDA-adducts- or HNE-adducts-

positive hepatocytes were no longer detected by 36–72 h post CCl4 administration

10 Immunochemical Detection of Lipid Hydroperoxide- and Aldehyde-Modified. . . 119



(Hartley et al. 1999). These results demonstrate that HNE-adducts and

MDA-adducts in a time-dependent manner, appear to be associated with liver

injury-induced CCl4.

6 Acetaminophen-Induced Liver Injury

Although an overdose of acetaminophen (N-acetyl-p-aminophenol; APAP) causes

liver injury in humans (Larson et al. 2005) and experimental animals (Chen

et al. 2009; Saito et al. 2010), APAP is a safe and effective analgesic and antipyretic

drug when used at therapeutic levels (Rumack 2004). The initial step in toxicity is

the cytochrome P450 metabolism to N-acetyl-p-benzoquinone imine (NAPQI), a

highly reactive metabolite (Jaeschke and Bajt 2006; Masubuchi et al. 2005; Nelson

1990). NAPQI depletes the intracellular storage of glutathione (GSH) in the

hepatocyte (Bessems and Vermeulen 2001; Jaeschke and Bajt 2006; Nelson

1990). Since GSH is the cofactor for GSH-peroxidase detoxification of peroxides,

a main mechanism of peroxide detoxification is compromised in APAP-induced

liver injury (Hinson et al. 2010). Thus, GSH depletion could lead to increased

intracellular peroxide, and increase oxidative stress via mechanisms of the Fenton

reaction (Hinson et al. 2010). This mechanism involves the reduction of peroxide

by ferrous ions forming the hydroxyl radical, which leads to oxidation of lipids,

proteins and nucleic acids (Hinson et al. 2010).

In the previous study (Sun et al. 2012), the immunoexpression of PUFA oxidation

markers PRL, HEL, 4-HHE-histidine and CRA-lysine was examined up to 24 h post-

APAP intraperitoneal injection in rats (1 g/kg body weight). Three hr after the post-

intraperitoneal injection of APAP in rats, vacuolated hepatocytes were observed in the

centrilobular region of the hepatic lobule (Fig. 10.1a); and at 6 h, they increased in

number and expanded their distribution to the medzonal region. Apoptotic cells were

occasionally observed in hepatocytes in the centrilobular region. Then, at 12 h,

coagulative necrosis, single cell necrosis and apoptosis were observed in all regions.

At 24 h, necrotic and apoptotic changes became more prominent. Three hour after

the post-intraperitoneal injection of APAP, a few vacuolated hepatocytes were posi-

tive for TUNEL stain in the centrilobular region (Fig. 10.1b). The TUNEL-positive

rate tended to increase at 6 h and showed significant increases at 12 and 24 h.

Hepatocytes in the control group were negative for PRL, HEL, HHE-histidine and

CRA-lysine. Immunohistochemical expression of these oxidation markers was first

detected in the cytoplasm of degenerative hepatocytes in the centrilobular region of

the hepatic lobule at 3 h after the injection, earlier than the occurrence of hepatocyte

apoptosis (Fig. 10.1b–f). Immunohistochemical expression of these oxidationmarkers

was observed in almost all degenerative hepatocytes 6–24 h post-APAP injection. The

results thus suggest that the generation of PRL, HEL, 4-HHE-histidine and

CRA-lysine may be the sign of early events preceding the induction of hepatocyte

apoptosis, and thus may prove useful for the early detection of oxidative stress-related

liver cell injury, and for the detection of PUFA oxidations that may be involved in the

pathogenesis of APAP-induced liver injury.
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7 Cisplatin-Induced Renal Tubular Injury

Cisplatin [cis-diamminedichloroplatinum (II)] is a major anticancer drug used for

the treatment of solid tumors in the testis, ovary, head and neck, and elsewhere

(Pabla and Dong 2008; Yao et al. 2007). Though the mechanism behind the

Fig. 10.1 Centrilobular lesions 3 h post-acetaminophen intraperitoneal injection. Bar ¼ 50 μm.

(a) Vacuolated hepatocytes were observed in the centrilobular region of the hepatic lobule.

HE stain. (b) A few vacuolated hepatocytes were positive for TUNEL stain in the centrilobular

region. (c–f) Immunohistochemical expression of PRL (c), HEL (d), HHE (e), CRA (f)

was detected in the cytoplasms of almost all degenerative hepatocytes in the centrilobular

region (These figures have been reprinted from the Journal of Veterinary Medical Science,

74, 141–147, 2012. A part of these figures has been revised and used.)
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anticancer activity of cisplatin is not completely understood, a widely-held view is

that cisplatin binds to DNA, leading to the formation inter- and intrastrand cross-

links (Pabla and Dong 2008). Cross-linking results in defective DNA templates and

arrest of DNA synthesis and replication (Pabla and Dong 2008). The cross-linking

can further induce DNA damage in rapidly dividing cells such as neoplastic cells

(Pabla and Dong 2008). The chief dose-limiting side effect of cisplatin is nephro-

toxicity (Fillastre and Raguenez-Viotte 1989; Pabla and Dong 2008; Yao

et al. 2007; Zhou et al. 2004). The kidney accumulates cisplatin to a greater degree

than other organs, and the disproportionate accumulation of cisplatin in kidney

tissue contributes to cisplatin-induced nephrotoxicity (Aray and Safirstein 2003).

Cisplatin-induced nephrotoxicity is characterized by proximal tubular injury and

decreased glomerular filtration (Jones et al. 1985; Pabla and Dong 2008). Cisplatin

causes tubular injury through multiple mechanisms, including oxidative stress,

DNA damage, apoptosis and inflammation (Pabla and Dong 2008; Yao et al. 2007).

Cisplatin causes the generation of oxygen free radicals, such as hydrogen

peroxide, superoxide anions and hydroxyl radicals (Kruidering et al. 1997; Masuda

et al. 1994). In particular, the hydroxyl radical is highly reactive among oxygen

radicals. Once excessive hydroxyl radicals are released, lipid peroxidation, which

causes changes in the fluidity and permeability of membranes, is induced

(Schmidley 1990). Cisplatin-induced nephrotoxicity is closely associated with

increased lipid oxidation markers such as malondialdehyde and 4-HNE in kidney

tissue (Chirino et al. 2008; Greggi Antunes et al. 2000; Zhou et al. 2006). In the

previous study (Sugiyama et al. 2011), immunoexpression of HEL and acrolein in

rat kidneys was examined up to 4 days after cisplatin injection. Cisplatin-induced

tubular injury was observed histopathologically on days 2–4 after injection, and

became more severe time-dependently. Thus, few histopathological changes were

observed in rats at day 1. At days 2 and 3, degenerative changes seen in the S3

segment of the proximal tubule consisted of hydropic degeneration, cytoplasmic

vacuolization and tubular dilation. These histopathological changes were more

severe at day 3 than day 2. At day 4, many pyknotic nuclei, and the widespread

desquamation and necrosis of tubular epithelial cells of the S3 segment of the

proximal tubule were observed. There was a significant increase in the number of

TUNEL-positive cells at days 3 and 4. Tubular epithelial cells in saline-treated

control rats and cisplatin-treated rats at day 1 were negative for HEL or acrolein.

The immunohistochemical expression of these oxidation markers was first detected

in the cytoplasm of degenerative tubular cells at day 2, preceding the induction of

tubular cell apoptosis. On days 3–4, the cytoplasms of damaged proximal tubular

cells were immunostained for these oxidation markers. These findings suggest that

expression of HEL and acrolein in the S3 segment of the proximal tubule associate

closely with pathogenesis of cisplatin-induced renal tubular injury.
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8 Conclusion

Lipid hydroperoxide- and aldehyde-modified proteins have been immunohisto-

chemically detected in diverse pathological situations such as atherosclerosis,

neurodegenerative disorders such as Alzheimer’s disease and Parkinson’s disease,

carbon tetrachloride- or acetaminophen-induced hepatoxicity and cisplatin-induced

nephrotoxicity. These findings suggest that the expression of the lipid hydroperox-

ide- and aldehyde-modified proteins associate closely with the pathogenesis of

these diseases in humans and experimental animals.
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Chapter 11

Role of Lipid Peroxide

in the Neurodegenerative Disorders

Wakako Maruyama, Masayo Shaomoto-Nagai, Yoji Kato,

Shinsuke Hisaka, Toshihiko Osawa, and Makoto Naoi

Abstract Nervous system controls all the organs in the living like a symphony. In

this chapter, the mechanism of neuronal death in aged is discussed in relation to

oxidative stress. Polyunsaturated fatty acid (PUFA) is known to be rich in the

membranous component of the neurons and plays an important role in maintaining

the neuronal functions. Recent reports revealed that oxidation of omega-3 and

omega-6 PUFAs, such as docosahexaenoic acid (DHA) and arachidonic acid

(ARA), are potent antioxidant but simultaneously, their oxidation products are

potentially toxic. In this chapter, the existence of early oxidation products of

PUFA is examined in the samples from neurodegenerative disorders and the

cellular model. Accumulation of proteins with abnormal conformation is suggested

to induce neuronal death by disturbance of proteolysis and mitochondrial function.

The role of lipid peroxide and lipid-derived aldehyde adduct proteins is discussed in

relation to brain ageing and age-related neurodegeneration.

Keywords Brain ageing • Lipid peroxidation • Oxidatively modified protein

• Parkinson disease • α-synuclein

W. Maruyama (*) • M. Shaomoto-Nagai

Department of Cognitive Brain Science, National Institute for Geriatrics

and Gerontology, 35 Morioka, Obu, Aichi 474-8511, Japan

e-mail: maruyama@ncgg.go.jp

Y. Kato

School of Human Science and Environment, University of Hyogo,

Himeji 670-0092, Japan

S. Hisaka

Department of Pharmacognosy, Faculty of Pharmacy, Meijyo University,

150 Yagoto-yama, Tenpaku, Nagoya, Aichi 468-8503, Japan

T. Osawa • M. Naoi

Department of Nutritional Science, Aichi Gakuin University,

Nisshin 470-0195, Aichi, Japan

Y. Kato (ed.), Lipid Hydroperoxide-Derived Modification of Biomolecules,
Subcellular Biochemistry 77, DOI 10.1007/978-94-007-7920-4_11,

© Springer Science+Business Media Dordrecht 2014

127

mailto:maruyama@ncgg.go.jp


1 Importance of Dementia in Ageing Society

In the modern countries, increasing number of aged people induces serious social,

medical, and economical problems. Among them, the increase of demented people

according to ageing is one of the biggest problems. It is known that the incidence of

dementia doubles in the people of 5 years elder, that means the risk of dementia is

10 % in the people over 65 years old, and 25 % in over 85 years old. The three major

causes of dementia are Alzheimer disease (AD), Lewy body dementia (LBD), and

vascular dementia (VD). In addition, age-related decline of mental activity is

closely related to the occurrence of dementia and sometimes it is mixed and

impossible to determine the distinct contribution of the diseases and ageing in

demented people in individual. To clarify the mechanism of brain ageing is

essential to understanding the etiology of the dementia.

2 Implication of Oxidized Polyunsaturated Fatty Acids,

Especially DHA to Brain Ageing and Neurodegeneration

Oxidative stress is suggested to be involved in the etiology of both brain ageing and

neurodegeneration such as AD and LBD. Because that oxygen consumption is high

in the brain neurons where oxidizable unsaturated fatty acid is rich, the level of lipid

peroxidation should be continuously high and might injure the cells. Among

unsaturated fatty acids, docosahexanoic acid (DHA; 22:6 n-3) is the most abundant

omega-3 polyunsaturated fatty acid (PUFA) in the brain. DHA is a component of

membrane lipid bilayer and is implicated in the various neuronal functions, such as

neuronal plasticity, neural transmission, and signal transduction (Eady et al. 2012;

Wurtman et al. 2010). In addition, DHA is known as a potent antioxidant, and

in vitro and in vivo studies proved that application of DHA prevented neuronal

damage by oxidative stress (Bazan et al. 2011; Berman et al. 2009; Glozman

et al. 1998). However, lipophilic antioxidants such as DHA and beta-carotene are

pro-oxidants and when they are oxidized, they become toxic lipid-peroxidation

products to make chain reaction of peroxidation (Yavin et al. 2001). Lipid peroxide

is the early product of lipid peroxidation compared with the aldehyde (Kato and

Osawa 2010) (Fig. 11.1). The distinct chemical reaction of DHA and intermediates

are unknown, although it was found that human neuroblastoma SH-SY5Y cells,

DHA is metabolized into intermediates, 17-, 14-, 7- or 4-hydoxydocosahexaenoic

acid (HDHA) and toxic 17-hydroperoxydocosa-hexaenoic acid (17-HpDHA)

(Gleissman et al. 2010). These hydroxyl or cyclic intermediates may be associated

with the formation of propanoyl and succinyl to form adduct with lysine residue in

the proteins, which is named propanoyl-lysine (PRL) and succinyl-lysine (SUL)

respectively. In the same way, oxidation of omega-6 PUFA, arachidonic acid forms

hexanoyl-lysine (HEL) and glutaroyl-lysine (GLL) (Fig. 11.1). PRL- and

SUL-positive proteins were detected in albumin incubated with oxidized DHA.
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Furthermore, by animal experiments, the increase of SUL-modified proteins was

identified in the liver of mice fed with the diet containing high level of DHA under

oxidative stress induced by carbon tetrachloride but not in the mice with high DHA

diet only (Kawai et al. 2006). In human, PRL-adduct proteins were found to

increase in the urine of diabetic patients (Hisaka et al. 2009). However, little is

known about the existence and the role of lipid peroxide derived from DHA in the

brain. The study to clarify the involvement of PRL- or SUL-adduct proteins in brain

ageing and neurodegeneration has been waited for.

3 LBD and Lipid Peroxidation

One of the common pathological feature of neurodegeneration is accumulation and

aggregation of abnormal proteins such as amyloid β protein to make senile plaque

in AD and α-synuclein as a main component of Lewy body in LBD. Among

neurodegenerative disorders in the aged, increased level of oxidative stress is one

of the most important pathogenetic factors of Parkinson disease (PD), the most

common phenotype of LBD. In the dopamine neurons of the substantia nigra,

neurotransmitter dopamine is easily auto-oxidized to make quinone and produces

Lipid peroxide-derived Protein modification
Propanoyl-Lys: PRL
Succinyl-Lys: SUL

Heanoyl-Lys: HEL
Glutanoyl-Lys: GLL

Aldehyde Protein Modification

HNE-modified Lys, His, Cys
ONE-modified Lys, His, Cys
MDA-modified Lys
Acrolein-modified Lys

Advanced Stage in Oxidative Stress

4-HNE

4-ONE

MDA

Acrolein

Reactive Aldehydes

DHA
Initial Stage in Oxidative Stress

Decomposition

Decomposition

O2

Protein

Protein

ARA

Fig. 11.1 Hypothetic pathway of oxidation pathway of DHA
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superoxide (O2
�∙) simultaneously. The half-life of superoxide is very short and it

reacts with H2O to produce hydrogen peroxide (H2O2). Dopamine is oxidized

enzymatically by monoamine oxidase (MAO) and produces H2O2 also. In the

presence of iron, which is rich in dopamine neurons as a co-factor of tyrosine

hydroxylase, H2O2 produces reactive and deleterious hydroxyl radical (OH∙) in the

neurons. These reactions are summarized in following lines.

O2
� þ H2O2 ! O2 þ OH� þ OH Haber-Weiss reactionð Þ

Fe2þ þ H2O2 ! Fe3þ þ OH� þ OH Fenton reactionð Þ

High level of ROS derived from dopamine metabolism is one of the reason why

dopamine neurons are vulnerable in ageing (Carlsson 1978).

Another source of reactive oxygen species (ROS) in the cells ismitochondria. From

mitochondrial respiratory chain, ROS is continuously generated and about 1 % of

ROS is failed to be quenched by anti-oxidants and anti-oxidizing enzymes to injure the

bioactive molecules. Because half-life of ROS is generally short, the most potential

target of ROS should be mitochondrial membrane and membrane-bounded proteins.

Indeed, we found that in cybrid cells, made by the fusion of themitochondria-negative

cells containing nucleus and another cells containing nucleus without mitochondria,

the cells containing mutated mitochondrial genome (mitochondrial encephalopathy

with lactic acidosis, MELAS type of mutation) which was established as reported

previously (Fujita et al. 2007) was stained by HEL and 4-hydroxy-2-nonenal (HNE)

antibodies. By immuno-histochemical observation was done according to Shamoto-

Nagai et al. (2007). HEL and HNE positive staining was accumulated in the mito-

chondria as detected by immunohistochemistry (Fig. 11.2). The presence of modified

proteins in mitochondrial fraction was confirmed by Western blotting (Fig. 11.3).

Mutation and deletion of mitochondrial genome is causable for mitochondrial

cytopathy, in which brain and muscle are commonly disturbed (Morgan-Hughes

et al. 1982). Accumulation of functionally impaired mitochondria due to dysfunction

of quality control system ofmitochondria is now gathering attention as a pathogenesis

of some familial type of PD (See Exner et al. (2012) as a review). PD and brain ageing

might share the common death pathway such as oxidative stress, mitochondrial

dysfunction and lipid peroxidation-derived membrane injury.

4-HNE and acrolein (ACR) are lipid-derived aldehyde and they are reported to

increase in the dopamine neurons in the substantia nigra of PD brain (Dalfo

et al. 2005; Shamoto-Nagai et al. 2007; Yoritaka et al. 1996) the increased

ACR-modified proteins was confirmed by our group also (Fig. 11.4). In vitro study

revealed that 4-HNE and ACR can make direct adduct with αSyn and produces

abnormal oligomer with β-sheet structure or aggregates. Such aldehyde-adduct αSyn
shows increased the toxicity to primary cultured neurons and inhibits the proteasome

activity in vitro and in the cultured neuronal cells (Qin et al. 2007; Shamoto-Nagai

et al. 2007). Recently, we investigated the involvement of lipid peroxide such as PRL
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and SUL on the modification of αSyn in vitro and in the cellular model of PD. DHA

enhanced oligomerization and aggregation of αSyn and in the cells treated with

oxidative stress, lipid-peroxide modified aggregates similar to Lewy body was

detected (Shamoto-Nagai et al. in preparation). It is consistent with the in vivo report
that DHA administration enhanced oligomerization of αSyn in the brain of transgenic
mice (Yakunin et al. 2012).

Fig. 11.2 HEL-modification was accumulated in the mutated mitochondrion. (a). Immunocyto-

chemical detection of HELmoieties in independent cybrid cell lines. Immunostainingwas performed

with biotynylated anti-rabbit IgG and peroxidase-conjugated streptavidin and 3, 3’-diaminobenzidine

tetrahydrochloride as chromogen. Increased immunoreactivity was detected in cybrid cells fusedwith

mutated mitochondrial DNA (2SA, 2SD, 59A) but not in the cells fused with normal mitochondrial

DNA (data not shown). (b). 59A cybrid cells were double-stained with CMTMRos, a mitochondrial

marker with red fluorescence (upper) and also immunohistochemically using anti-HEL antibody and

FITC green fluorescence dye (lower)
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Fig. 11.3 (I) Immunochemical detection of HEL-modified proteins. (a). Total protein (10 mg)

derived from various cell lines (2SA, 2SD, 59A) was lysed and separated by SDS-PAGE (12 %

polyacrylamide) then probed using polyclonal antibody against HEL-conjugated proteins.

(b). Proteins derived from various cell lines was separated into cytosolic, mitochondrial, micro-

somal, and nuclear fractions. Each fractions were separated and probed by anti-HEL antibody.

HEL-positive proteins were detected in cytosolic and mitochondrial fractions but not in micro-

somal or nuclear fraction (data not shown). In mitochondrial fraction, two major bands at 51 and

65 kDa were detected. (II) Immunochemical detection of HNE-modified proteins. (a). Total

protein (10 mg) derived from various cell lines (2SA, 2SD, 59A) was lysed and separated

by SDS-PAGE (12 % polyacrylamide) then probed using polyclonal antibody against

HNE-conjugated proteins. (b). Proteins derived from various cell lines was separated into cyto-

solic, mitochondrial, microsomal, and nuclear fractions. Each fractions were separated and probed

by anti-HNE antibody. HNE-positive proteins were detected in cytosolic and mitochondrial

fractions but not in microsomal or nuclear fraction (data not shown). In mitochondrial fraction,

two major bands at 45 and 53 kDa were detected
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4 Can Oxidatively Modified Proteins Be Applicable

as a Marker of LBD?

In LBD, not only central nervous system but also peripheral sympathetic and

parasympathetic neurons are degenerated with the existence of Lewy body

(Orimo et al. 2002). It is indicated that continuous oxidative stress and lipid

peroxidation should occur in the degenerating peripheral neurons and there may

be oxidatively modified molecules which can be applied as a marker to diagnose or

evaluate the progression of the disease.

Recently, neuroprotective or neurorescue therapy is coming to be realistic issue.

Several species of natural compounds and drugs have been proposed to be effective to

prevent neuronal death in cellular and animal models of PD. Our group reported that

the inhibitors of MAO type B (MAO-B), rasagiline and (�) deprenyl protect neuronal

cell death induced by various insults (Naoi and Maruyama 2009, 2010). The mecha-

nism of the neuroprotective action is under the investigation. It was found that MAO-B

inhibitors and some kind of polyphenols increase the expression of mRNA and protein

levels of neuroprotective molecules such as Mn- and Cu/Zn- superoxide oxidase

(SOD), brain-derived neurotrophic factor (BDNF) and glial cell line-neurotrophic

Fig. 11.4 Immunohistochemical detection of HNE-positive moieties using anti-HNE antibody.

Control and Parkinsonian substantia nigra was stained with anti-HNE antibody as previously

reported (Shamoto-Nagai et al. 2007). The increase of HNE-reactivity in melanine-containing

dopaminergic neurons are apparent
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factors (GDNF) in the cells, rodents, and primates (Carrillo et al. 2000; Maruyama

et al. 2002, 2004; Maruyama and Naoi 2013). In addition, MAO-B inhibitor (�)

deprenyl, polyphenol tetrahydrocurcumin and resveratrol prolonged the lifespan of

rodents and other animals (Baur 2010; Kitani et al. 2004; Knoll 1988; Rubinsztein

et al. 2011; Xiang et al. 2011). Decreased harmful oxidative stress and increased

growth factors might be ascribed to the longevity effect of these candidates for

neuroprotective drugs (Mattson and Magnus 2006). In neurodegenerative disorders,

the symptom and progression of the disease is heterogenous and even though the

development of new brain imaging, it is not easy to evaluate the neuroprotective effects

of the drugs. Oxidatively modified proteins and humoral factors such as BDNF and

GDNF might be applicable to evaluate the efficiency of neuroprotective compounds in

human.

5 Conclusion

Lipid peroxidation is involved in the neurodegenerative disorders and brain ageing.

Especially, membrane composing PUFA, such as DHA is easily oxidized and

produces lipid peroxides and aldehydes which make adducts to proteins with

abnormal conformation and are toxic. Lipid peroxide is an early product of lipid

peroxidation compared to aldehyde and so, the investigation of lipid peroxide

adduct proteins may open a new field of science which clarify the mechanism of

neuronal dysfunction and death in the aged people.
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Chapter 12

Lipid Hydroperoxide-Derived Modification

of Proteins in Gastrointestinal Tract

Yuji Naito, Tomohisa Takagi, Osamu Handa, and Toshikazu Yoshikawa

Abstract Role of lipid peroxidation in the pathogenesis of gastrointestinal diseases

has been evaluated bymeasuring the tissue levels of lipid peroxides as thiobarbituric

acid-reactive substances in the animal models as well as human. Recently,

Nε-(hexanoyl)lysine (HEL) and 4-hydroxy-2-nonenal (HNE) are recognized as

reliable and sensitive biomarkers for the early phase and the late phase of lipid

peroxidation, respectively. The presence of HNE- and HEL-modified proteins has

been demonstrated in in vivo models of several gastrointestinal diseases. In the

present review, we introduced HNE-modification of TRPV1 channel in esophageal

epithelial cells, HEL-modification of tropomyosin 1 (TMP1) in gastric cancer cells,

and HEL-modification of gastrokine 1 in the healing of gastric ulcer.

Keywords Gastrokine •Nε-(Hexanoyl)lysine • 4-Hydroxy-2-nonenal •Tropomyosin

• TRPV1

1 Introduction

Oxidative stress is well known to be involved in the pathogenesis of gastrointestinal

diseases. During oxidative stress, the oxidation of cellular components results in the

modification of DNA, proteins, lipids, and carbohydrates. Among these biomole-

cules, we have demonstrated that lipid peroxidation plays a significant role in the

pathogenesis of gastrointestinal diseases, including ischemia-reperfusion-induced

gastric injury (Yoshikawa et al. 1989), indomethacin-induced gastric and intestinal
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injuries (Yoshikawa et al. 1993), gastric ulcers (Naito et al. 1995), and chemical

colitis induced by dextran sodium sulfate (Naito et al. 2003) and trinitrobenzoic acid

(Yoshikawa et al. 1997a). The significance of lipid peroxidation has been revealed by

measuring the tissue levels of thiobarbituric acid (TBA)-reactive substances as well

as by evaluating the effects of several antioxidants on their levels (Yoshikawa

et al. 1997b; Naito et al. 1998, 2002). When the unsaturated fatty acid is exposed

to oxidative stress, a lipid peroxidation response progresses like a chain reaction, and

various kinds of degradation products by lipid peroxidation responses are generated.

Previous many studies showed that presence of the aldehyde molecules, which is an

end-product of lipid peroxidation, has been implicated as causative agents in cyto-

toxic processes initiated by the exposure of biological systems to oxidizing agents.

Recently, some of the lipid peroxidation products could exhibit a facile reactivity

with proteins, generating a variety of intra- and intermolecular covalent adducts.

Among the reactive aldehydes, 4-hydroxy-2-nonenal (HNE), is believed to be

largely responsible for the cytopathological effects observed during oxidative stress

(Fig. 12.1). The most common and reliable approach for detection of HNE adducts

is the use of antibodies, which recognize HNE bound to amino acid side-chains of

proteins. In 1995, Toyokuni et al. (1995) raised a monoclonal antibody directed to

the HNE-modified protein. This monoclonal antibody has been attested to be

specific for the HNE-histidine Michael adduct. The development of specific anti-

bodies against protein-bound HNE has made it possible for us to obtain highly

probable evidence for the occurrence of lipid peroxidation in vivo as a late phase or
footprint marker. It has been demonstrated the presence of HNE-modified proteins

in vivo in the iron-nitrolotriacetate (Fe3+-NTA)-induced renal carcinogenesis

(Toyokuni et al. 1995), hyperglycemia injury of pancreatic β-cells (Ihara

et al. 1999), ischemia-reperfusion injury (Yamagami et al. 2000), carbon

tetrachloride-induced liver injury (Hartley et al. 1997), inflammatory bowel disease

(Nair et al. 2006), chronic hepatitis type C (Kageyama et al. 2000), non-alcoholic

steatohepatitis (Seki et al. 2002; Serviddio et al. 2008), atherosclerotic lesion

(Uchida et al. 1994), Alzheimer’s disease (Lauderback et al. 2001), Parkinson’s

disease (Qin et al. 2007), amyotrophic lateral sclerosis (Perluigi et al. 2005), and

exercise-induced muscular injury (Aoi et al. 2003).

Nε-(Hexanoyl)lysine (HEL) has been found in the reaction between linoleic

hydroperoxide and lysine moiety of proteins (Fig. 12.1). It has been shown that

the formation of HEL is a good marker for oxidative modification by oxidized m-6
fatty acids such as linoleic acid and arachidonic acid as an early marker of lipid

peroxidation (Kato et al. 1999). By the immunostaining using monoclonal and

polyclonal antibodies against HEL, it has been reported the HEL-positivity in

muscular tissues (Kato et al. 2000), foam cell-rich areas in atherosclerotic lesion

(Fukuchi et al. 2008), and liver treated with D-galactosamine (Osakabe et al. 2002).

In this session, we have introduced our recent data derived from the analysis for

HNE or HEL-modified proteins in gastrointestinal tract.
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2 HNE-Modification of TRPV1 in Esophageal

Epithelial Cells

Transient receptor potential vanilloid subtype 1 (TRPV1) is a calcium-permeable

nonselective cation channel that is activated by capsaicin, heat, protons, and

endogenous lipids. The expression of TRPV1 in sensory neurons is well known.

The presence of functional TRPV1 receptors has been reported in non-neuronal

cells such as keratinocytes of the epidermis, human hair follicles, human bronchial

epithelial cells, the bladder urothelium, and rat gastric epithelial cells (Avelino

et al. 2002; Bodo et al. 2005; Kato et al. 2003; Southall et al. 2003). Recent reports

indicated that TRPV1 is expressed not only on nerves but also on epithelial cells of

cat esophageal mucosa, and that HCl-activated epithelial TRPV1 could initiate the

induction of inflammation (Cheng et al. 2009). We have also confirmed that TRPV1

is expressed in human esophageal epithelial cell line Het1A and human esophageal

epithelial cells as well as in rat esophageal mucosa (Kishimoto et al. 2011), and

demonstrated that interleukin-8 (IL-8) is produced from the capsaicin-stimulated

Het1A cells via the activation of TRPV1. Our data are supported by previous

findings that TRPV1 mediates inflammatory responses in various cells stimulated

with certain types of particular materials. These raise the possibility that TRPV1

plays an important role on inflammatory response at the cellular level against

noxious stimuli, including gastric HCl, when expressed not only on nerves but

also in human esophageal epithelial cells.

HNE

HNE-specific
modification

ROS; O2
-, ˙OH, H2O2

(reactive oxygen species)

Lipid peroxidation

13HPODE
(13-hydroperoxide)

Protein

Lys-C-CH....

OOH

Protein

HNE

HEL-specific
modification

Nε-(hexanoyl)lysin (HEL)

Early phase marker Late phase marker

4-hydroxy-2-nonenal (HNE)

Fig. 12.1 Reactive molecules derived from lipid peroxidation and the modification of proteins by

Nε-(hexanoyl)lysine (HEL) and 4-hydroxy-2-nonenal (HNE), which are recognized as reliable and

sensitive biomarkers for the early phase and the late phase of lipid peroxidation, respectively
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In addition, our results have shown that the levels of reactive oxygen species

(ROS)-modified and HNE-modified proteins are increased in Het1A cells following

treatment with capsaicin, and that these increases are blocked by a TRPV1 antagonist.

Stimulation of Het1A cells with capsaicin has resulted in the induction of several

HNE-modified proteins in a dose-dependent manner, as assessed by Western blot

using a polyclonal anti-HNE antibody. To determine whether TRPV1 is modified

with HNE in these cells, the TRPV1 proteins was immunoprecipitated from synthetic

HNE-treated cells using an anti-TRPV1 antibody and immunoblotted with a mono-

clonal anti-HNE antibody. As shown in Fig. 12.2, the TRPV1 protein is modified by

HNE in synthetic HNE-treated cells but not in control cells. Moreover, double-

immunofluorescence staining demonstrated that HNE-modified TRPV1 is more

strongly stained in HNE-treated cells than in control cells, and that merged images

have revealed the colocalization of HNE-modified protein and TRPV1 in

HNE-treated cells.

We have hypothesized that HNE-modification of TRPV1 protein might affect

the function or the sensitivity of the receptor. Although low concentration of HNE

(1 μM) alone did not induce IL-8 production from Het1A cells, the pretreatment

with 1 μM HNE significantly enhanced IL-8 production in capsaicin-stimulated

cells, indicating the possibility of the interaction between HNE and TRPV1 pro-

teins. TRPV1 contains several histidine and cysteine residues that could potentially

be involved in redox modulation. Because the monoclonal anti-HNE antibody used

in our study recognizes HNE-modified amino acid residues such as histidine, HNE

might bind to extracellular or intracellular specific amino acid sites of TRPV1 and

modify the function of TRPV1. Although it remains to be investigated whether

oxidative stress-induced modification of TRPV1 raises the hypersensitivity of the

esophagus, defining these mechanisms may help in the development of novel

therapies for gastroesophageal reflux disease.

3 HEL-Modification of Tropomyosin 1 in Gastric

Cancer Cells

Several in vivo cancer models support the hypothesis that lipid peroxidation plays a

critical role in experimental carcinogenesis (Kawai et al. 2003; Murugan

et al. 2007). Lipid peroxidation under excessive oxidative stress may play a crucial

role in oxidative modification in the process of carcinogenesis, because reactive

lipid-decomposition products trigger secondary modification of proteins and

nucleic acids. Modification of DNA bases and proteins by reactive aldehydes,

such as HNE, malondialdehyde, and acrolein, is thought to contribute to the

mutagenic and carcinogenic effects associated with oxidative stress-induced lipid

peroxidation (Kawai et al. 2003). Shimokawa et al. (2008) recently succeeded in the

establishment of a novel, transformed cell line (RGK-1) derived from a normal

gastric mucosal cell line (RGM-1) of Wistar rats after treatment with the alkylating
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carcinogen N-methyl-N’-nitro-N-nitrosoguanidine (MNNG). This cell line showed

signs of neoplasia and transformation, in that it lost contact inhibition and formed

tumors in nude mice. RGK-1 cells are the first MNNG-induced neoplastic mutant

cells derived from a noncancerous, nonembryonic gastric epithelial cell line

(RGM-1). This establishment of RGK-1 cells has made it possible to investigate

gastric carcinogenesis using two paired cell lines: RGM-1 and RGK-1 cells. We

have succeeded to detect HEL-modified proteins by two-dimensional

Fig. 12.2 Synthetic HNE modified TRPV1 in human esophageal epithelial Het1A cells. (a): Cell

lysates of Het1A cells incubated with synthetic HNE (10 μM) for 20 min were centrifuged, and the

supernatants were immunoprecipitated with a polyclonal anti-TRPV1 antibody (Anti-TRPV1-IP).

Immunoprecipitates were analyzed by Western blot analysis using a monoclonal anti-HNE and an

anti-TRPV1 antibody. (b): Double-immunofluorescence staining with a monoclonal anti-HNE

antibody (AlexaFluoro 488, a and d) and an anti-TRPV1 antibody (AlexaFluoro 647, b and e). The

merged images (yellow color) show the co-localization of TRPV1 with HNE-modified proteins

(c and f) (Reprinted with permission from Kishimoto et al. 2011)
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polyacrylamide gel electrophoresis (2D-PAGE) and Western blotting using a novel

monoclonal antibody against HEL, and determined by peptide mass fingerprinting

using MALDI-TOF MS and the MASCOT search engine by comparing protein

spots derived from RGM-1 and transformed RGK-1 cells (Okada et al. 2012).

To detect HEL-modified proteins in RGM-1 and RGK-1 cells, whole proteins

from cells were separated by SDS-PAGE or 2-DE, and analyzed by Western blotting

using anti-HEL polyclonal antibody. HEL-modified proteins were detected in

RGM-1 and RGK-1 cells, and the protein band between 30 and 40 kDa was increased

in RGK-1 cells compared with RGM-1 cells. To identify the two HEL-modified

protein spots in RGK-1 cells, the protein spots were excised from 2-DE gel stained

with CBB, and analyzed by mass spectrometry. The data obtained using mass

spectrometry (Fig. 12.3) were searched using the MASCOT search engine, and

both protein spots were identified as the TPM1 protein with a MASCOT score of

65 and 39 % sequence coverage (Okada et al. 2012). To confirm the presence of

HEL-modified TPM1 in RGM-1 and RGK-1 cells, we detected TPM1 and HEL using

Western blotting of SDS-PAGE-separated or 2-DE-separated proteins. As shown

Fig. 12.3, the protein band between 30 and 40 kDa reacted with both anti-TPM1

antibody and anti-HEL antibody. The TPM1 protein expression level was increased

in RGK-1 cells compared with RGM-1 cells and was modified by HEL in RGK-1

cells. Moreover, as shown in Fig. 12.3, the HEL-modified protein spots reacted with

anti-TPM1 antibody. To further confirm the presence of HEL-modified TPM1, we

detected TPM1 and HEL by Western blotting in the protein sample obtained by

immunoprecipitation with anti-TPM1 antibody. To the best of our knowledge, TPM1

is the first protein for which HELmodification has been determined by the 2D-PAGE

and MS.

Although TPM isoforms have been known to function in the regulation of

muscle contraction, the functional significance of the multiple TPM isoforms

present in non-muscle cells, especially in cancer cells, remains largely unknown.

The most striking observation from our study was that HEL-modified TPM1 was

identified even though the total protein levels in transformed gastric cancer cells

were higher than those in normal gastric cells. It has been reported that the

regulation of TPM1 expression appears to be mediated by TPM1 promoter meth-

ylation, histone deacetylation (Bharadwaj and Prasad 2002), and microRNA-21

(Zhu et al. 2008). In addition to these regulations, the present study indicates the

possibility that post-translational modification of the TPM1 protein under excessive

oxidative stress may affect its function. Thus, in addition to epigenetic and trans-

lational regulations, TPM1 is also regulated by post-translational modification. It is

our expectation that the molecular mechanism of HEL modification and the func-

tional influence of this modification on the TPM1 protein will be identified in the

near future.
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4 Lipid Peroxidation in the Development of Gastric Ulcer

Although much attention has been focused on the role of lipid peroxidation in

precipitating acute gastric mucosal injuries induced by several kinds of stress or

ischemia-reperfusion (Yoshikawa et al. 1986, 1989, 1993), these injuries are multiple

shallow erosions and are limited to the gastric mucosa, which are apparently different

from a solitary human gastric ulcer penetrating the muscularis mucosa. In the

following study, we have investigated the role of lipid peroxidation in the develop-

ment and the healing process of gastric ulcer using a murine model of gastric ulcer.

We have succeeded to produce a solitary gastric ulcer penetrating into the muscular

layer in rats by the local injection into the gastric submucosa of ferrous and ascorbic

acid (Fe/ASA) solution that is known to generate active oxygen species in vitro
(Naito et al. 1995). With a local injection of saline alone or ascorbic acid alone in to

the gastric mucosa of rats, no ulcers or erythema were observed 24 h after the

injection. Although slightly erythematous areas were observed on the mucosal

surface at the site of the local injection of FeSO4 alone, no ulcer formed. In the

Fe/ASA group, a round solitary ulcer formed on the mucosa at the site of local

Fig. 12.3 Detection of HEL-modified proteins from RGM-1 and RGK-1 cells by 2-DE. Proteins

extracts were separated using 2-DE. The 2-DE gels were transferred onto nitrocellulose mem-

branes and stained with Deep Purple Total Stain to detect total proteins. The membranes were

subjected to Western blotting with anti-HEL antibody (Reprinted with permission from Okada

et al. 2012)
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injection of the Fe/ASA solution 24 after the injection in a dose-dependent manner.

Histological studies revealed that the base of the ulcer extended beyond the proper

muscle layers, and in some cases the ulcers had penetrated to the liver as well. The

concentration of TBA-reactive substances in the gastric mucosa 24 h after the

injection significantly increased in rats treated with the Fe/ASA solution, but did

not increase in rats injected with saline, ascorbic acid, or FeSO4. To clarify the cause-

effect relationship of ulcer formation and lipid peroxidation, the time-course changes

in these parameters in the gastric mucosa were investigated for up to 24 h after the

injection of the Fe/ASA solution at a dose of 400 μM. Interestingly, TBA-reactive

substances in the gastric mucosa increased significantly 1 h after the injection with

the Fe/ASA solution, and remained elevated up to 24 h after the injection. These

increases in TBA-reactive substances preceded grossly evident gastric ulcer. These

results together indicate that lipid peroxidation plays a crucial role in the pathogenesis

of the gastric ulcer induced by the Fe/ASA solution, as well as acute superficial

injuries produced by burn shock, water-immersion restraint stress, indomethacin, and

ischemia-reperfusion.

In addition, simultaneous administration of CuZn-SOD significantly reduced the

area of the gastric ulcer and significantly inhibited the increase in TBA-reactive

substances in the gastric mucosa 24 h after injection of the Fe/ASA solution. These

findings suggest that lipid peroxidation mediated by superoxide radicals generated by

the Fe/ASA system plays an important role in the development of these ulcers.

Although the detailed of the mechanism of ascorbate autoxidation are extremely

complex, only native but not apo- or heated SOD reduced mucosal injury in our

in vivo experiment, indicating that superoxide radicals directly, or reactive oxygen

species produced by the reduction of superoxide, are involved in the formation of

gastric ulcers.

5 HEL-Modification of Gastrokine in the Healing

of Gastric Ulcer

Recently, we have confirmed that Rikkunshito, a Japanese traditional herbal

medicine, enhances the healing process of gastric ulcer induced by acetic acid in

mice (Horie et al. 2012). The model of gastric ulcer by acetic acid has been well

mimicked to human ulcers in terms of both pathological features and healing

process. As it has already been demonstrated that the area of the ulcer lesions

reached a maximum on day 2 or 3 after the induction of acetic gastric ulcer, to focus

on the effects of mucosal healing by the treatment with Rikkunshito, all mice were

administered either placebo or Rikkunshito (100 mg/kg/day) starting on day 2 after

the induction of acetic gastric ulcer until day 7. The area of gastric ulcer on day

7 significantly decreased in mice treated with Rikkunshito by approximately 70 %

of the initial value observed on mice without the treatment with Rikkunshito. As

well as Rikkunshito has been used to treat various gastrointestinal tract disorders,
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such as functional dyspepsia, gastroesophageal reflux, dyspeptic symptoms of

post-gastrointestinal surgery, and chemotherapy-induced nausea, our data firstly

confirmed that Rikkunshito has a therapeutic potential against gastric ulcers.

The purified cytosolic fractions of mucosal homogenates from murine gastric

mucosa were separated by SDS-PAGE or 2-DE, and analyzed by western blotting

using anti-HEL monoclonal antibody. As several HEL-modified proteins were

detected in gastric mucosa, the protein band between 20 and 30 kDa was increased

in gastric mucosa 7 days after the induction of acetic gastric ulcer in the SDS-PAGE

analysis, and the increased band was diminished by the treatment with Rikkunshito

(Fig. 12.4). To identify the HEL-modified protein spot, the protein spot was excised

from 2DE-gel stained with Deep Purple Total Protein Stain, and analyzed by mass

spectrometry. The data obtained using mass spectrometry was searched using the

MASCOT search engine and the protein spot was identified as gastrokine-1

(GKN1) protein. The expression of GKN1 proteins and mRNA in gastric mucosa

did not change between sham-treated mice and mice with gastric ulcer induced by

acetic acid. Furthermore, the administration of Rikkunshito did not affect the

expression of GKN1 proteins and mRNA compared to vehicle treatment mice in

both groups that were sham-treated mice and mice treated with acetic acid.

GKN1 is abundantly and specifically expressed in superficial gastric epithelium

in all areas of stomach (Oien et al. 2004), and protects gastric mucosa and promotes

healing after gastric mucosal injuries through the facilitating restitution and prolif-

eration of gastric epithelial cells (Martin et al. 2003). Consistently, we confirmed

that GKN1 was expressed in gastric epithelial cell in normal gastric mucosa and in

regenerated mucosal cells around ulcer margin. Furthermore, the expression of

GKN1 has be reportedly decreased in gastric mucosa of the subjects with aspirin

Fig. 12.4 Detection of

HEL-modified proteins in

gastric mucosa of mice with

gastric ulcer. HEL-modified

proteins in gastric mucosa

of mice were evaluated

by western blotting using

anti-HEL monoclonal

antibody
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treatment patients (Martin et al. 2008) and in that of the patients infected with

Helicobacter pylori (Nardone et al. 2008). In the present study, the expression of

GKN1 protein and mRNA did not change between sham-treated mice and mice

with gastric ulcer induced by acetic acid. These results indicate that HEL-modified

GKN1 may be a candidate to explain the properties of GKN1; the enhancement of

ulcer healing.

6 Conclusion

As shown in our previous studies, lipid peroxidation plays a significant role in

the pathogenesis of gastrointestinal injuries, inflammation, and carcinogenesis.

Recent studies using more specific and reliable markers including HNE- and

HEL-modification have confirmed our hypothesis. In the above pathological con-

ditions, the function of target proteins would be regulated by their post-translational

modification. It is our expectation that the molecular mechanism of HNE/HEL-

modifications and the functional influence of these modifications on the target

protein will be identified in the near future. It will be more important to investigate

the relationship between the function and the modification compared with the

detection of modified proteins.
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Chapter 13

Low-Cost and Easy-to-Use “on-Chip ELISA”

for Developing Health-Promoting Foods

Fumihiko Hoshino, Osamu Watanabe, Xiaohong Wu, Yosuke Takimoto,

and Toshihiko Osawa

Abstract We have determined that a biological molecule can be physically

immobilized on a polymer containing an azobenzene (azopolymer) using irradiat-

ing light. We immobilized antibodies and antigens on the surface of an azopolymer

coated glass slide (antibody array) to establish “on-chip ELISAs”. The assays used

the flat-surface of a glass slide and could be applied to both sandwich and compet-

itive ELISAs. The sensitivity and accuracy of the on-chip ELISA were similar to a

conventional ELISA using a polystyrene plate. Using the assay system, we proved

that representative oxidative-biomarkers could be simultaneously measured from

uL of urine. That should realize low-cost study on animal or human, and accelerate

development of health-promoting foods. So, this new concept antibody array has

promising applications in proteomic studies, and could be used to examine bio-

markers to investigate health-promoting food.

Keywords Antibody • ELISA • Hexanoyl lysine • 8-OHdG

1 Principles of Molecular-Imprinting and Immobilization

We found that the surface of a polymer containing an azobenzene (azopolymer) can

transform along with the surface of an attached object by means of irradiating blue

light (Kawata et al. 1999; Ikawa et al. 2000, 2001, 2006; Hasegawa et al. 2001).

Figure 13.1 shows the chemical structure of a typical azopolymer. When exposed to
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light of a certain wavelength, the trans form can be isomerized to the cis form.

Cis-trans back-isomerization can occur thermally and/or photochemically and

isomeric transition of the azobenzene moiety arises during photo-irradiation. This

property of the azobenzene moiety leads to a drastic change in the physical

properties of the polymer matrix. Azopolymer is a photoinduced deformable

polymer: it deforms slowly during light irradiation and stays deformed after light

irradiation has ceased.

Figure 13.2 shows a scanning electron microscope (SEM) image of an

azopolymer surface after irradiation and partial removal of the polystyrene

nanosphere by sonication. The polystyrene nanospheres are tightly immobilized

on the azopolymer surface: the area where the polystyrene nanospheres were

removed is deformed in a circle. Similar to polystyrene nanospheres, an antibody,

15 nm in size, can be immobilized on the azopolymer surface (Fig. 13.3) (Ikawa

et al. 2006). In contrast with the smooth surface of the azopolymer (Fig. 13.3a),

small particles similar in size to an antibody could be observed on the azopolymer

surface where antibodies were immobilized (Fig. 13.3b), and small dimples similar

in size to an antibody could be seen on the surface when the immobilized antibodies

were removed by denaturing and washing with surfactant SDS (Fig. 13.3c).

2 Antibody Array Using the Photoimmobilization Method

We applied the photoimmobilization method to obtaining protein chips and, more

specifically, an antibody array. An enzyme-linked immuno-sorbent assay (ELISA)

is commonly used to detect small amounts of protein in sample solutions, such as

serum. Although an ELISA is an excellent method for the detection of proteins,

Fig. 13.1 The chemical

structure of a typical

azopolymer. The

azobenzene moiety

isomerizes between the

trans and cis form. Isomeric

transition of the azobenzene

moiety arises during photo-

irradiation
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there are disadvantages: it is comparatively expensive, and it is difficult to detect

proteins when using small quantities of the sample solution. We considered that an

antibody array could act as a micro ELISA system with the capability of dealing

with small quantities of sample solutions and simultaneous measurements of

several biomarkers in one test sample.

2.1 Preparation of an Antibody Array

For the antibody array, we prepared a spin-coated azopolymer film, 40 nm in

thickness, on a standard glass slide. Antibody solution was applied by contact

using pins or non-contact using a dispenser device, such as an ink-jet nozzle or

micro syringe. Spotted drops were dried naturally and the surface was then irradi-

ated with incoherent light of 470 nm wavelength and 20 mW/cm2 optical power

density from a 5 � 10 array of bluelight-emitting diodes (LEDs) for 30 min

(Fig. 13.4). Finally, the glass slide was washed with 0.01 % Tween 20 PBS (TPBS).

We initially examined the specific reactions of photoimmobilized antibodies on

azopolymer surfaces for the antibody array application. Solutions of anti-goat IgG

(left-hand side) and anti-rabbit IgG (right-hand side) were spotted onto an azopolymer

surface at different concentrations, the layout of which is shown in Fig. 13.5a. After

Fig. 13.2 Schematic

illustration of the

photoimmobilization of

microspheres on the surface

of an azopolymer. The

surface of the azopolymer is

deformed to the round shape

of microspheres after photo-

irradiation
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photoimmobilization and washing, the samples were incubated separately with

Cy5-labeled antigens (goat IgG and rabbit IgG). The anti-goat IgG antibody recog-

nized goat IgG when Cy5-labeled goat IgG was introduced onto the sample, and anti-

rabbit IgG recognized rabbit IgG when Cy5-labeled rabbit IgG was introduced, as

shown in Fig. 13.5b, c. The specific reactivity of the antibodies was realized by fixing

photoimmobilized antibodies on the surface of the azopolymer.

We also examined the stability of the photoimmobilized antibodies. The reac-

tivity of the antibodies decreased over a period of 10 days when stored at room

temperature, however, the stability was maintained for about 2 months when stored

at 4 �C (data not shown). This result is acceptable in terms of commercial viability,

though further increases in stability would be preferable.

Fig. 13.3 Azopolymer surface deformation with antibody moiety. (a) Control showing the bare

azopolymer surface after irradiation. (b) Tapping-mode atomic force microscope image of the

azopolymer surface covered with antibodies. (c) Same image taken after removal of the antibodies

by washing with PBS containing 2 % SDS
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2.2 Sandwich ELISA of Antibody Array

We established a sandwich ELISA method for the antibody array. Figure 13.6

illustrates the sandwich immunoassay system to measure mouse adiponectin

(Acrp30) in serum. We photoimmobilized anti-mouse Acrp30 antibody (R&D Sys-

tems Inc. AF119) onto the azopolymer surface, after which mouse Acrp30, biotin-

labeled anti-mAcrp30 antibody and alkaline phosphatase-labeled streptavidin were

Fig. 13.4 Irradiation of an azopolymer slide after spotting and drying of protein solution

Fig. 13.5 (a) Layout of a slide spotted and immobilized with rabbit anti-goat IgG antibody and

goat anti-rabbit IgG antibody. (b) Fluorescent image after incubation with a Cy5-labeled goat IgG.

(c) Fluorescent image after incubation with a Cy5-labeled rabbit IgG
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sequentially bound, as in a conventional ELISA. The details of the procedure are as

follows:

1. First antibody-antigen reaction

1 μL of standard dilutions of Acrp30, or diluted serum samples, were dispensed

independently onto the azopolymer surface where the antibody was

immobilized.

2. Second antibody-antigen reaction

40 μL of biotin-labeled anti-mAcrp30 antibody solution (Otsuka Pharmaceutical

Co., Ltd.) was applied to the reaction and immediately covered with a gap cover

glass which has spacers along the long side of the cover glass, about 10 μm
thickness (Matsunami Glass Ind., Ltd.).

3. Alkaline phosphatase-labeled streptavidin reaction

40 μL of alkaline phosphatase-labeled streptavidin solution was then applied to

the reaction and covered with a gap cover glass.

4. Chemiluminescent detection

40 μL of CDP-star Emerald II solution was applied before being covered with a

gap cover glass. Luminescence was measured, by exposure for 5–15 min, with a

CCD detector (AISIN, LV-400).

Adiponectin is a biologically active agent excreted from adipose cells, and

prevents arteriosclerosis. Figure 13.7 shows the calibration curve obtained using

low concentrations of adiponectin, and it illustrates that a linear relationship exists

between luminescent intensity and concentration. We detected adiponectin in a

sample solution down to a concentration of at least 0.1 ng/ml, which is almost the

same sensitivity as that obtained with a conventional ELISA. We compared the

conventional ELISA system and an antibody array system using mouse adiponectin

from culture supernatant. Figure 13.8 shows the correlation between the antibody

array and conventional ELISA. A high degree of correlation was observed

(r2 ¼ 0.97, p < 0.01), indicating that the use of an antibody array with an

azopolymer film is a promising candidate for practical use.

Fig. 13.6 Illustration of a

sandwich ELISA using

antibody array
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2.3 Competitive ELISA of Antibody Array

We then established a competitive method to measure biomarkers of low molecular

weight. Figure 13.9 shows a competitive immunoassay system to measure hexanoyl

lysine (HEL). A hexanoyl lysine adduct is formed through oxidative modification

of omega-6 fatty acids, such as linoleic acid, the predominant polyunsaturated fatty

acid. We photoimmobilized the HEL-BSA conjugate to the azopolymer surface
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Fig. 13.8 Correlation

between a conventional

ELISA and the antibody

array in quantifying mouse

adiponectin in cell culture

medium. Significant

correlation was

demonstrated (r ¼ 0.987,

p < 0.01)
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before the competitive reaction between immobilized HEL and free HEL using

biotin-labeled anti-HEL antibody. The anti-HEL monoclonal antibody was raised

by Kato et al. (1999, 2000). Finally, alkaline phosphatase-labeled streptavidin was

sequentially bound to the immobilized HEL-BSA conjugate. The details of the

procedure are as follows:

1. Mixing

5 μL of standard dilutions of free HEL or diluted samples were mixed with 5 μL
of biotin-labeled anti-HEL antibody solution.

2. Competitive reaction

The mixtures were immediately and independently dispensed onto the area with

immobilized HEL-BSA conjugate.

3. Alkaline phosphatase-labeled streptavidin reaction

40 μL of alkaline phosphatase-labeled streptavidin solution was applied before

being covered with a gap cover glass.

4. Chemiluminescent detection

40 μL of CDP-star Emerald II solution was applied before being covered with a

gap cover glass. Luminescence was measured for 15 min with a CCD detector

(AISIN, LV-400).

3 Antibody Array System for Simultaneous Measurement

of Oxidative Stress Markers

Our array was able to measure two or more biomarkers using small droplets of real

samples. The upper part of Fig. 13.10 shows the array format for HEL and 8-OHdG

(8-hydroxydeoxyguanosine) which represents oxidative stress occurring in the body.

One separated droplet covers four spots of two biomarkers. Each antibody reacted

specifically to defined spots (lower part of Fig. 13.10), and the resulting chemilumi-

nescence of the spots did not affect the measurement value of the biomarkers at the

same droplet. Figure 13.10 shows a chemiluminescent image of a standard glass slide

containing 40 regions of test samples in which four spots of HEL and 8-OHdG

conjugates are immobilized. A calibration curve using the strength of each spot

within a “standard” region in a chemiluminescent image was obtained. We observed

Fig. 13.9 Illustration of a competitive ELISA using the antibody array
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a linear relationship between luminescent intensity and the concentration of both

markers. We detected HEL from 2.5 to 249.5nM and 8-OHdG from 1 to 100 ng/ml

(Fig. 13.11). The detectable ranges of both biomarkers were equal to those in a

conventional ELISA system.

4 Conclusion

We have introduced the principles of a newly created photoimmobilization

technology using photoresponsive azopolymers, and its application to on-chip

ELISAs. An antibody array was assessed to quantify biomarkers using small sample

Fig. 13.10 Antibody array system for simultaneous measurement of oxidative stress markers.

Each antibody reacted specifically to defined spots
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volumes. We found the on-chip ELISA had a similar sensitivity to conventional

ELISAs, however, much lower volumes can be used in on-chip ELISAs. In order to

estimate oxidative stress with ease and low cost, we established an antibody array

simultaneously measuring two biomarkers, HEL and 8-OHdG. This antibody array

system could be used to investigate health-promoting food and it would be appli-

cable to use other biomarkers and various biological fluids at low volumes that

could not be previously measured by conventional methods.
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Chapter 14

Hexanoyl-Lysine as an Oxidative-Injured

Marker – Application of Development

of Functional Food

Ken‐ichiro Minato and Yoshiaki Miyake

Abstract We could proposed that Nε-(hexanoy)lysine, HEL, become a useful

biomarker for detection of oxidative stress damage occurred by exhaustive exer-

cise. We examined the preventive effect of flavonoid compound, eriocitrin, against

exercise-induced oxidative damage in rat liver. Eriocitrin administration prior to

exercise significantly suppressed the increases in thiobarbituric acid-reactive sub-

stance caused by lipid peroxidation during exhaustive exercise. The increase in the

contents of HEL in rat liver was also abolished by eriocitrin administration. The

concentration of oxidized glutathione was significantly increased by exercise, but

the eriocitrin administration suppressed this increase. These results suggested that

eriocitrin administration prior to exercise prevented oxidative damages caused by

exhaustive exercise-induced oxidative stress. Therefore, it was suggested that HEL

could be a good biomarker for oxidative stress, especially at earlier stage when

oxidative damage was occurred by lipid peroxidation than a stage of harmful

aldehyde formation. Moreover, it was suggested that eriocitrin metabolites,

eriodictyol and 3, 4 – dihydroxyhydrocinnamic, might scavenge free radicals and

reactive oxygen species, resulting in suppression of lipid peroxidation and reactive

proteins with radicals to form HEL. These findings implied that eriocitrin might be

useful as an anti-oxidative compound to protect oxidative stress damages.

Keywords Eriocitrin • ELISA • Exercise-induced oxidative stress • Nε-(hexanoyl)

lysine • Lemon flavonoid
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Abbreviations

HEL Nε-(hexanonyl)lysine

DT o,o-dityrosine
NT Nitrotyrosine

TBARS Thiobarbituric acid-reactive substance

ROS Reactive oxygen species

ELISA Enzyme-linked immunosorbent assay

GSH Reduced glutathione

GSSG Oxidized glutathione

1 Introduction

Physical exhaustive exercise results in injury to fibers in the active muscles. It had

been considered that clinical symptoms by exhaustive exercise was associated with

the pathology including elevation of plasma enzymes activities such as creatine

kinase, myoglobin, and protein metabolites in injured muscles, as well as the

structural damage. By the way, it has been suggested that strenuous physical exercise

with dramatically increased oxygen uptake was associated with the generation of

free radicals and ROS, resulting in oxidative damages in body (Li 1995). Most of the

oxygen is utilized in the mitochondria for substrate metabolism and ATP production

and is reduced to water. However, a small portion of oxygen is considered to be

converted univalently into several radical intermediates such as O2
•�, H2O2, and

•OH.

It is considered that O2
•�, and •OH are free radicals by definition because they contain

an unpaired electron in their atomic structure, whereas H2O2 is not. They subse-

quently leak out of the electron transport chain, collectively, these molecule species

are classified as the reactive oxygen species (ROS). Much attention has been focused

on involvement of oxidative stress caused by free radicals and reactive oxygen

species (ROS) in disease and aging. The oxidative stress has been considered to

play a causal role in the senescence of various organisms and to cause the accrual of

irreparable damages to lipids, proteins, and DNA, which may result in diseases

(Stadtman 1992; Ames et al. 1993; Yu 1996). A powerful approach to studying

oxidative damage is the analyses of the diseased tissues for specific markers. It has

been suggested that the products formed by oxidation with free radical and ROS

accumulate as modified compounds in tissues during the process of oxidative stress

(Kato et al. 1998, 1999; Leeuwenburgh et al. 1999; Frost et al. 2000). The production

of ROS is considered to be the underlying mechanism for a series of biochemical and

physiological changes that occur during aerobic exercise. It could be indicative of

oxidative stress. The excessive production of ROS is thought to cause cellular

damage in vivo. There has been strong evidence that free radicals were indeed

involved in tissue and cell damage by exhaustive exercise. Davies et al. (1982)

suggested that enhancement of free radical signals were measured in liver of rat,

which exhaustively exercised by acute bout of treadmill running, using by the
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electron paramagnetic resonance (EPR) spectroscopy method. It has been considered

that such increase in free radical signals could cause a series of cellular disorders.

However, a direct relationship between free radical generation and these deleterious

processes has yet become clear, because an EPR method and an associated technic

were difficult, and an availability of them was limited. These processes might be

recognized as oxidative damage rather than free radical damage. Therefore, it was

desired that alternative methods, which were more simply and exactly, could be

developed to measure oxidative damage by using other reasonable marker.

Biomolecules such as proteins and aminolipids are covalently modified by lipid

decomposition products such as aldehyde during an even earlier stage of lipid

peroxidation induced by oxidative damage (Esterbauer et al. 1991; Fruebis

et al. 1992). When polyunsaturated fatty acids on the biomembrane are attacked

by free radicals in the presence of molecular oxygen, a chain of peroxidative

reactions occurs. And then, it was lead to the formation of hydro carbon gases

and aldehydes. It has been suggested that byproducts in lipid peroxidation were the

most frequently studied markers in oxidative damaged tissue. It had been shown

that pentane was increased in the expired gas of human subjects after long-term

exercise (Dillard et al. 1978). It was also reported that expired pentane levels

increased proportionally during exercise in humans (Kanter et al. 1993).

However, the validity of using expired hydrocarbons as a maker of lipid peroxi-

dation in vivo has not confirmed yet. Therefore, it was considered that

malondialdehyde (MDA) could become a useful biomarker as thiobarbituric acid-

reactive substance (TBARS) for detection of oxidative stress damage in various

tissues. Its content has been found to increase during exercise in a variety of tissues,

and the extent of lipid peroxidation also appears to depend on exercise intensity

(Allessio 1993). Although assessment of MDA accumulation in overall tissue lipid

peroxidation has been assisted by several additional methods that measure interme-

diary compounds of lipid peroxidation chain reaction, such as conjugated dienes and

lipid peroxides, it could be a one of reasonable methods for oxidative stress detection.

There is a consensus that multiple indexes are required to verify the occurrence

of lipid peroxidation during exercise. Therefore, it have been already reported that

Nε-(hexanoy)lysine (named HEL) was identified as one of the lipid hydroperoxide-

modified lysine residues, which is considered to be a useful marker for the lipid

peroxidation, as well as MDA (Kato et al. 1999). It has also been suggested that this

biomarker exists in skeletal muscle after exercise (Kato et al. 2000). It was also

suggested that HEL accumulate in biological fluids and tissues during exhaustive

exercise (Kato et al. 1998; Leeuwenburgh et al. 1999; Kato et al. 2000). It have been

already reported that ELISA (enzyme linked immunosorbent assay) was useful for

the measurement of oxidative stress markers (Kato et al. 2000).

Flavonoids in citrus fruits known as bioflavonoids or vitamin P exhibit beneficial

effects on capillary permeability and fragility (Rusznyak and Szent-Gyorgyi 1936).

Subsequent studies have reported their physiological functions such as anti-

inflammatory, anticarcinogenic, and antitumor activities (Bracke et al. 1994; Middle-

ton and Kandaswami 1994; Attaway 1994). A lemon fruit among citrus fruits contains

many functional flavonoids, e.g. hesperidin, diosmin, andC-glucosyldiosmin (Miyake
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et al. 1997a, 1998a). We have previously isolated a strong antioxidative flavonoid

glycoside from lemon fruit and identified it as eriocitrin (eriodictyol 7-O-rutinoside)
(Fig. 16.1,Miyake et al. 1997b). It was shown that the antioxidant activity of eriocitrin

is stronger than the activities of the other citrus flavonoids such as hesperidin and

naringin (Miyake et al. 1997a). Moreover, it was reported that eriocitrin shows a

significant suppressive effect against oxidative stress caused by diabetes in rats,

suggesting that it may be useful in preventing oxidative damages (Miyake

et al. 1998b). On the other hand, it was reported that the supplementation of eriocitrin

significantly suppressed the exercise-induced increase in HEL in rat skeletal muscle

(Kato et al. 2000). In this chapter, it will be shown that an increase in HEL as well as

MDA in liver, especially, of rat during acute exercise, and discussed a protective effect

of eriocitrin administration against the accumulation of these markers. Moreover, we

determined the changes in glutathione levels considered to protect cells against

oxidative damage.

2 Anti-oxidative Lemon Flavonoids

Lemon is used as various food materials, and it is one of the most popular citrus

fruits in the world. Lemon fruit contains a number of nutrients such as citric acid,

ascorbic acid, minerals, and flavonoids. It has been recognized that flavonoid

compounds were widespread in the plants, and comprised a large group of naturally

occurring compounds which were found in all vascular plants. They were contained

in Citrus as well as in other fruits and vegetables. It had been shown that the typical

western diet contained about 1 g of mixed flavonoids (Kuhnan 1976). We have

already reported that eriocitrin, a major lemon flavonoid, shows the antioxidative

activity which inhibits lipid peroxidation in vitro (Miyake et al. 1997b). Eriocitrin

has been identified as the flavanone glycoside, eriodictyol 7-O-β-rutinoside. It had a
stronger antioxidant than the other citrus flavonoid compounds. It was suggested

that this flavonoid compound was metabolized to eriodictyol of its aglycone by

Bacteroides distasonis or Bacteroides uniformis of intestinal bacteria. And then,

eriodictyol was converted to 3, 4 – dihydroxyhydrocinnamic (DHCA), and

phloroglucinol was produced as a byproduct by Clostridium butyricum (Fig. 14.1,

Miyake et al. 2000). These metabolites were detected in large intestines and plasma

following administration of eriocitrin, but not in serosal side. These results

suggested that eriodictyol and 3, 4-DHCA were absorbed from the intestine after

eriocitrin was hydrolyzed to these metabolites by intestinal bacteria. These

eriocitrin metabolites showed a strong capability of DPPH radical scavenging in

our previous study (data not shown). Moreover, it seemed that eriodictyol was

absorbed slowly because it is absorbed in the hydrolysis by intestinal bacteria. And

then, it seemed to be metabolized to homoeriodictyol and hesperetin by

methoxylation in the liver.
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3 Effect of Eriocitrin on Thiobarbituric Acid-Reactive

Substance (TBARS) Level in Liver of Exercised Rat

3.1 Animals and Experimental Design

Experimental Rats (male Wistar rats, 10 weeks old, Japan SLC) were randomly

divided into a control group and an eriocitrin group. Rats in each group were

subdivided into a sedentary group and an exercise group. We prepared eriocitrin

from lemon peel extract as described previously (Miyake et al. 1997b). An

eriocitrin solution (600 mg eriocitrin∙kg�1 of body weight) was administered

intragastrically to rats in the eriocitrin group. The same volume of saline was

given to rats in the control group in the same manner. Four hours after administra-

tion, the animals in the exercise group were exercised for 35 min according to the

method of Armstrong et al. (1983) using a motor-driven treadmill (running down a

16� incline at a speed of 20 m∙min�1). Immediately after running, the rats were

anesthetized and liver was obtained.
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3.2 Measurement of TBARS in Exhaustive Exercised Rat

The livers obtained from exercised rats were homogenized in ten volumes of 1.15 %

KCl at 4 �C. The homogenate was centrifuged at 4,500 � g for 15 min, and the

supernatant was obtained for the TBARS measurement. The TBARS concentration

was measured as described previously (Miyake et al. 1998b). The effect of

eriocitrin on TBARS production was examined in the liver of exercised rat. As

shown in Fig. 14.2, acute exercise significantly increased the TBARS level in rat

liver, and this increase was significantly suppressed by eriocitrin administration. It

was reported that exercise increases oxygen utilization and causes formation of free

radical and reactive oxygen species (Wetzstein et al. 1998). It has been also

revealed that eriocitrin suppresses an increase in TBARS in rat liver (Miyake

et al. 1998b).

4 Effect of Eriocitrin on the Formation of Hexanoyl-Lysine

(HEL) in the Exercised Rat

4.1 Enzyme-Linked Immunosorbent Assay (ELISA)
for Measurement of HEL

The livers obtained were also homogenized in ten volumes of 50 mM sodium

phosphate buffer (pH 7.4) at 4 �C for measurement of HEL contents by enzyme-

linked immunosorbent assay (ELISA). The homogenate was centrifuged at
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Fig. 14.2 The suppressive effect of eriocitrin on an increase in TBARS by exercise-induced

oxidative stress. Values are means � SD (n ¼ 7). Values designated by different superscript

letters are significantly different (p < 0.05) by Two-Way ANOVA followed by Turkey’s HSD

test (This referred to Minato et al. 2003 reprinted by permission of Elsevier Science Inc.)
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4,500 � g for 15 min, and the supernatant obtained was used for the following

biochemical measurement. The noncompetitive ELISA was performed for measure-

ment of HEL as described previously (Kato et al. 2000). Briefly, 50 μl of sample

solution (10 μg protein∙ml�1) were pipetted into the wells and kept at 4 �C overnight.

Then the plate was incubated with the primary antibodies against HEL. After

incubation, the binding of the antibodies to the antigens were evaluated by using

the anti-mouse/rabbit IgG antibody peroxidase-labeled with o-phenylenediamine and

hydrogen peroxide.

4.2 HEL as an Oxidative Damaged Marker

HEL accumulation in liver of rat was determined as the makers of exercise-

induced oxidative damage. The formation of HEL was significantly increased

by acute exercise, and the increases were suppressed by eriocitrin administration

(Fig. 14.3). Strenuous aerobic exercise is associated with oxidative stress and

generates oxygen free radicals (Li 1995). Nε-(hexanoyl)lysine, designated HEL,

were identified as a novel lipid hydroperoxide-modified lysine residue. And it is

considered to become a good marker for oxidative damage in early stage (Kato

et al. 1999; Ueno et al. 2002). In our previous study, eriocitrin administration

inhibited increases in HEL as well as TBARS levels, suggesting that exercise-

induced lipid peroxidation in rat liver was suppressed by the administration. And,

it was suggested that eriocitrin could inhibit HEL accumulation in skeletal muscle

in exercise-trained rats. It was suggested that the HEL moiety was formed through

sedentary exercise
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Fig. 14.3 The preventive effect of eriocitrin on an increase in HEL of oxidative modified protein

in liver by exercise. Values are means � SD (n ¼ 7). Values designated by different superscript
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the reaction of lipid hydroperoxidation with protein. A detection of HEL could

estimate the protein modification by lipid peroxidation in early stage. Moreover,

Kato et al. observed the positive staining by HEL antibody in human atheroscle-

rotic lesions. They also suggested that HEL could be a useful biomarker for the

lipid hydroperoxide of biomolecules. These reports suggested that HEL would be

a good biomarker for oxidative stress, especially at earlier stage when oxidative

damage was occurred by lipid peroxidation than a stage of harmful aldehyde

formation.

5 The Changes in Glutathione Level During Exercise

5.1 Action of Glutathione in the Tissue
Induced Oxidative Stress

It is known that glutathione is related to a variety of antioxidant processes (Vina

1990). It was suggested that exhaustive physical exercise induced to increase

formations of oxygen free radicals in various tissues. The redox cycle of glutathione

could be a major antioxidant system that prevented from accumulating toxic

hydroperoxides (Fig. 14.4). Thus, reduced glutathione (GSH) could protect cells

against oxidative stress inducing damage by free radicals. Oxidative stress has been

defined as a disruption in a balance between prooxidant and antioxidant. Aerobic

cells, such as muscle cells, could be interesting for oxidative stress study. An

increase in oxidized glutathione (GSSG) level was considered to be able to become

as a characteristic index of oxidative stress. It has been reported that total glutathi-

one and glutathione disulfide significantly increased in plasma of rat exercised by

running (Lew et al. 1985). And a ratio of reduced GSH to GSSG decreased in liver

and in skeletal muscle as well as in plasma after exhaustive physical exercise. These

results suggested that glutathione antioxidant system could be depleted during

exercise leading to exhaustion.

5.2 The Change in Level of Glutathione After Exercise

Measurements of total glutathione (GSH + GSSG) and oxidized glutathione

(GSSG) were carried out as described previously (Pyke et al. 1986). The total

glutathione level was expressed in GSH equivalents. The GSH level was calculated

by subtracting GSSG from total glutathione.

In Table 14.1, the levels of glutathiones were determined in exercised rat liver.

Total glutathione content did not change or tended to decrease by an acute exercise

as compared with control rat (sedentary, saline administration). However, oxidized
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glutathione (GSSG) significantly increased by 3.3-folds as compared with control

rat, and reduced glutathione (GSH) tended to decrease in exercised rat liver. On the

other hand, it was shown that an increase in GSSG level was significantly

suppressed by 1.8-folds as compared with control rat, and a level of GSH was

maintained in liver by an eriocitrin administration after exercise. It was considered

that the primary preventative antioxidant system which circumvents the harmful

accumulation of hydroperoxides and superoxide was dependent on glutathione and

glutathione peroxidase (Gohil et al. 1988). It was reported previously that levels of

total glutathione in liver might fall to relatively low values when the animal was

subjected to exhaustive exercise (Pyke et al. 1986). Also, it was shown that

glutathione disulfide increased significantly in rat which was exercised to exhaus-

tion by running (Sastre et al. 1992). In our previous study, eriocitrin administration

was very effective for suppression of an increase in GSSG and a depletion of GSH

(Table 14.1). However, it is obscure how eriocitrin metabolites influence for the

glutathione antioxidant system during exercise-induced oxidative stress. It might be

suggested that eriocitrin metabolites could scavenge the radicals generated by

oxidative stress, and prevent the formation of superoxide and hydroperoxide. The

primary preventative antioxidant pathway for hydroperoxide removal involves

action of glutathione peroxidase in cytosol and mitochondria, and catalase in

peroxisome. Therefore, excessive depletion of glutathione might be prevented in

antioxidant system, and this matter would prevent the increases in TBARS and the

level of HEL during strenuous exercise-induced oxidative stress.
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6 Conclusion

It was clearly showed that acute exercise-induced increases in TBARS and oxida-

tive liver damages analyzed by oxidative stress markers were suppressed by

eriocitrin administration prior to exercise. Moreover, we could proposed that Nε-

(hexanoy)lysine, HEL, could become a useful biomarker for detection of oxidative

stress damage occurred by exhaustive exercise. It was suggested that eriocitrin

metabolites, eriodictyol and 3, 4 – dihydroxyhydrocinnamic, may scavenge free

radicals, reactive oxygen species, and reactive nitrogen species, resulting in sup-

pression of lipid peroxidation and reactive proteins with radicals to form HEL.

Furthermore, it was also suggested that eriocitrin metabolites could play a role in

suppression of glutathione oxidation caused by exercise in the liver. These findings

imply that eriocitrin may be useful as an anti-oxidative compound to protect

oxidative stress damages. Thus, it was suggested that absorbed eriocitrin metabo-

lites scavenged the free radical/reactive oxygen species that occurred by exercise

and inhibited lipid peroxidation.
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Chapter 15

Potential Role of Oxidative Protein

Modification in Energy Metabolism

in Exercise

Wataru Aoi, Yuji Naito, and Toshikazu Yoshikawa

Abstract Exercise leads to the production of reactive oxygen species (ROS) via

several sources in the skeletal muscle. In particular, the mitochondrial electron

transport chain in the muscle cells produces ROS along with an elevation in the

oxygen consumption during exercise. Such ROS generated during exercise can

cause oxidative modification of proteins and affect their functionality. Many evi-

dences have been suggested that some muscle proteins, i.e., myofiber proteins,

metabolic signaling proteins, and sarcoplasmic reticulum proteins can be a targets

modified by ROS generated due to exercise. We detected the modification of

carnitine palmitoyltransferase I (CPT I) by Nε-(hexanoyl)lysine (HEL), one of

the lipid peroxides, in exercised muscles, while the antioxidant astaxanthin reduced

this oxidative stress-induced modification. Exercise-induced ROS may diminish

CPT I activity caused by HEL modification, leading to a partly limited lipid

utilization in the mitochondria. This oxidative protein modification may be useful

as a potential biomarker to examine the oxidative stress levels, antioxidant com-

pounds, and their possible benefits in exercise.
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1 Generation of Reactive Oxygen Species in Exercise

Exercise leads to the production of reactive oxygen species (ROS), mainly via the

mitochondrial electron transport chain, xanthine oxidase, and phagocytes

(Fig. 15.1). A small percent of the oxygen utilized in the mitochondria is converted

to superoxide during the electron transport chain reaction. It is known that oxygen

consumption during aerobic exercise is elevated 10 to 20-fold in the whole body

and over 100-fold in the skeletal muscle, which causes ROS generation that

correlates with the duration and intensity of exercise (Blomstrand et al. 1997;

Ferguson et al. 2001). In addition, xanthine oxidase is activated via the ischemia-

reperfusion process during exercise, a process known as “blood flow redistribu-

tion,” resulting in the production of ROS by the capillary endothelium in

contracting muscles (Duarte et al. 1993; Flamm et al. 1990). Oxidative stress

generated during exercise also leads to further ROS production due to the invasion

of phagocytes into the muscles after exercise via the redox-sensitive inflammatory

cascade (Aoi et al. 2004).

Previously, studies have shown elevated levels of ROS in response to exercise

by using various methods. Electron-spin-resonance (ESR) studies have demon-

strated that the ESR signal is markedly increased in muscle homogenates obtained

immediately after exercise (Ashton et al. 1999; Davies et al. 1982). Other studies

have shown a decrease in diet-derived antioxidants, and a reduced level of gluta-

thione in tissues and blood (Aikawa et al. 1984; Liu et al. 2000; Rietjens

et al. 2007), caused by its usage for ROS elimination. As in the above antioxidant

capacity, ROS act as oxidative stressors and oxidize cell components such as

proteins, lipids, and DNA in tissues such as skeletal muscle, blood, and internal

Phagocytes invasionBlood flow redistribution

Exercise

Oxygen consumption

ROS production

NADPH oxidase
Myeloperoxidase

Mitochondrial
Electron transport chain

Xanthine
oxidase

Fig. 15.1 Exercise leads to ROS production via mitochondrial electron transport chain, endothe-

lium xanthine oxidase, and phagocytes in muscle tissues. Exercise elevates oxygen consumption

over 100-fold in skeletal muscle, leading to production of reactive oxygen species (ROS) via

mitochondrial electron transport chain. Xanthine oxidase is activated via the ischemia-reperfusion

process during exercise, a process known as “blood flow redistribution,” resulting in the produc-

tion of ROS by the capillary endothelium in contracting muscles. Following exercise, further ROS

production is increased by an invasion of phagocytes into the muscles
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organs, and oxidation results in various oxidative products. Specifically, peroxida-

tion of polyunsaturated fatty acids such as arachidonic acid, which are a large

constituent of the membranes around cells and their organelles, occurs via a radical

chain reaction and has been used as a useful marker of exercise-induced oxidative

stress. Numerous previous animal and human studies have shown that acute

exercise such as running, cycling, and resistance exercise, markedly elevates

thiobarbituric acid reactive substances (TBARS), one of the oldest and most

frequently used methods for measuring the peroxidation of fatty acids in the skeletal

muscle immediately after exercise and on the next day after the exercise (Aoi

et al. 2004; Liao et al. 2010; Miyazaki et al. 2001). In addition, this elevation in

TBARS is also shown in high-intensity exercise training (Chang et al. 2007;

Couillard et al. 2003). On the other hand, dietary supplementation with antioxidants

such as vitamin E, vitamin C, carotenoids, and polyphenols can decrease oxidative

damage induced by acute and chronic exercises (Aoi et al. 2003, 2004; Bryer and

Goldfarb 2006; Goldfarb et al. 2011). These observations clearly demonstrate that

exercise induces oxidative stress and causes the oxidation of cellular components.

Such oxidative stress is not always negative, and many evidences suggest that

moderate oxidative stress is necessary for beneficial adaptations induced by dietary

exercise, as mentioned below. The effect of oxidative stress on bodily functions in

living body would be due to the extent of this stress, and whether it acts a damaging

factor or a protective factor is dependent on the intensity, duration, frequency, and

habits of exercise.

2 Involvement of Oxidative Stress on Fatigue and Damage

in Muscle

The possibility that oxidative stress induced by exercise causes a health disorder is a

debatable matter. However, it has been demonstrated that the excess ROS generated

by exercise are involved in muscle fatigue and muscle damage. It is well established

that ROS have important influences on force production in the skeletal muscle. A

study using both spin traps and vitamin E in animals demonstrated that scavenging

ROS in muscles during exercise delays the onset of muscular fatigue (Novelli

et al. 1990). Moreover, many reports have shown that administration of the anti-

oxidant N-acetylcysteine (NAC), which acts as a reduced thiol donor supporting

glutathione re-synthesis, delays muscular fatigue during a variety of submaximal

exercise tasks such as electrically stimulated fatigue of the muscle, cycling

exercise, and repetitive handgrip exercise (Cobley et al. 2011; Matuszczak

et al. 2005; McKenna et al. 2006; Medved et al. 2004; Reid et al. 1994). In animal

studies, NAC administration has also been shown to delay fatigue in both in vitro
and in situ muscle preparations (Kobzik et al. 1995; Perkins et al. 1997). Studies

using excised muscle fiber bundles also revealed that force production during

submaximal tetanic contractions is decreased by nitric oxide (NO) donors
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(Morrison et al. 1998; Richmonds and Kaminski 2001) and increased by nitric

oxide synthase (NOS) inhibitors and NO scavengers (Joneschild et al. 1999;

Kobzik et al. 1994).

Unaccustomed and strenuous exercise can cause muscle damage that presents

clinically as muscular pain and involves protein degradation and ultrastructural

changes. As such, muscle damage usually occurs sometime after exercise and not

during or immediately after exercise; this is called as “delayed-onset muscle

damage.” Previous studies have demonstrated that delayed-onset muscle damage

is mainly induced by mechanical stress, especially eccentric muscle contraction

(Komulainen et al. 1998; Proske and Morgan 2001), and disturbances in calcium

homeostasis (Chen et al. 2007; Gissel and Clausen 2001). In addition, we demon-

strated that delayed-onset muscle damage induced by prolonged exercise is partly

related to inflammation via phagocyte infiltration caused by ROS generated

during exercise (Aoi et al. 2004). In an in vitro study using myotube cells, addition

of H2O2 induced the translocation of p65, a component of the redox-sensitive

transcription nuclear factor-kappa B (NF-κB), into the nucleus and subsequently

increased the expression of cytokine-induced neutrophil chemoattractant-1

(CINC-1) and monocyte chemoattractant protein-1 (MCP-1). Prolonged acute

exercise caused an increase in the amount of nuclear p65, a constitutive protein

of NF-κB, in rat gastrocnemius muscles at 1 h after exercise, which was similar to

the in vitro results, and it caused muscle damage with neutrophil invasion on the

next day. Therefore, delayed-onset muscle damage after prolonged exercise is

related to inflammation secondary to phagocyte infiltration caused by ROS

generated during exercise. In contrast, dietary antioxidants such as vitamin E

and carotenoids can partly attenuate delayed-onset muscle damage along with

inflammatory changes (Aoi et al. 2003, 2004; Rosa et al. 2009), though several

studies reported that supplementation of dietary antioxidants does not have this

preventative effect.

3 Oxidative Protein Modification in the Muscle

Induced by Exercises

Numerous posttranslational modifications have been characterized as resulting

either from direct modification of amino acid residues or through the formation

of reactive intermediates by the oxidation of other cellular components (Naito and

Yoshikawa 2009). The modification of 20 different of amino acids plays an

important role in the manifestation of the function of many proteins. The modifi-

cation can be subdivided into two general forms: reversible modification and

irreversible modifications. Some of the lipid peroxidation products exhibit a facile

reactivity with proteins, generating a variety of intra- and intermolecular covalent

adducts. In addition, the oxidation of cysteine to sulfenic, sulfinic, and sulfonic
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acids has been shown to occur frequently, and these sulfenic and sulfinic acids can

often be enzymatically reduced. Nitration by reactive nitrogen species, chlorination

by hypochlorous acid, and bromination by hypobromous acid of the target protein

are also the frequently detected modifications. Many evidences suggest that such

protein modifications can be associated with the onset of various common dis-

eases, including cancer, inflammation, and metabolic disorders (Bidasee

et al. 2004; Hill and Bhatnagar 2012; Oya-Ito et al. 2011; Sultana and Butterfield

2009). Some muscular proteins are also targets modified by exercise-induced

ROS or nitrogen oxide species (Aoi et al. 2003; Kato et al. 2000; Magherini

et al. 2012; Veskoukis et al. 2008; Vassilakopoulos et al. 2003; Barreiro and

Hussain 2010) (Table 15.1).

The influence of oxidative stress on the sarcoplasmic reticulum (SR), a subcel-

lular organelle, which controls the contractile state of the muscle by regulating the

calcium concentration in the cytosol, has been studied extensively in the skeletal

muscle, and is associated with the oxidative modification of the membrane proteins

(Anzueto et al. 1992; Salama et al. 1992; Xia et al. 2003). Muscle contraction is

performed by increasing intracellular calcium concentrations, which are released

from the SR via the ryanodine receptor (RyR) calcium-release channel following

active potentials during the excitation-contraction coupling process. Afterwards,

calcium is immediately taken into the SR via SR calcium-dependent ATPase

(SERCA), which relaxes the muscle. It has been known that the responsive proteins

in the SR are sensitive to redox modulation (Sun et al. 2001; Zhang et al. 1999). The

RyR appears to be in close association with the NADP(H) oxidase(s) found in the

SR, and locally generated superoxide appears to be the major ROS capable of

influencing this channel (Xia et al. 2003). Each subunit of this large tetrameric

protein contains a small number of regulatory cysteines. ROS and NO oxidize thiol

residues on neighboring cysteines to form disulfide bonds, which induce channel

opening. Disulfide formation is reversed by reducing agents, providing a mecha-

nism for direct redox modulation of channel activity. The SERCA, another

Table 15.1 Non-enzymatic oxidative protein modification induced by exercise/muscle

contraction

Products Target proteins Function Reference

Nε-(hexanoyl)
lysine

Carnitine palmitoyltransferase I

Whole lysate proteins

Lipid metabolism

–

Aoi et al. (2008)

Kato et al. (2000)

4-hydroxy-2-

nonenal

Insulin receptor substrate I

Mitochondrial proteins

Insulin sensitivity

–

Aoi et al. (2012)

Sahlin et al. (2010)

Carbonyl Myosin heavy chain Force production Yamada et al. (2007)

Whole lysate proteins – Magherini et al. (2012)

Veskoukis et al. (2008)

3-nitro-tyrosine SR calcium-dependent ATPase Contractile

activity

Viner et al. (2000)

Whole lysate proteins – Vassilakopoulos

et al. (2003)
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potential target, contains a small number of critical sulfhydryls near the SERCA

active site, which have been shown to slow the reuptake of calcium into the SR

(Daiho and Kanazawa 1994; Xu et al. 1997; Gutierrez-Martin et al. 2004). Exposure

to elevated NO also inhibits SERCA activity via thiol oxidation and nitration of

tyrosine residues (Viner et al. 1997, 2000). Consequently, oxidation of SR proteins

tends to increase cytosolic calcium levels, which causes prevention of muscle

relaxation. Therefore, the modification of calcium transport proteins in the SR

can causes excess or chronic muscle contraction via increasing intracellular cal-

cium levels, leading to muscle fatigue.

Muscle myofilaments are also sensitive to direct redox modification

(Fedorova et al. 2009). Myosin heavy chains contain several sulfhydryl residues,

which are useful sites for protein labeling; however, thiol modification generally

does not dramatically alter myosin function (Crowder and Cooke 1984). On the

other hand, Yamada et al. (2007) reported that a force reduction in the soleus

muscle of hyperthyroid rat is associated with carbonylation of the myosin heavy

chain. In addition, it has been suggested that the myosin heavy chain is easily

glycosylated, which changes the structural and functional properties of the

protein (Haus et al. 2007). However, the involvement of these modifications on

exercise-induced fatigue is unclear. In contrast, myosin light chains, actin, and

tropomyosin appear less sensitive to redox modulation (Liu et al. 1990; Williams

and Swenson 1982).

In delayed-onset muscle damage, protein modification is also observed. We

reported the elevation of 4-hydroxy-2-nonenal (4-HNE), a lipid peroxidation

product that covalently modifies the proteins on cysteine, histidine, and lysine

residues, in the damaged muscle obtained from mice on the next day after acute

running (Aoi et al. 2003). Liu et al. (2005) reported a positive correlate between

4-HNE and creatine kinase activity in blood following strenuous exercise in

humans. Recently, insulin receptor substrate-1 (IRS-1) was detected as a

4-HNE-targeted protein (Aoi et al. 2012). IRS-1 is upstream in the PI3K/Akt-

dependent insulin-signaling pathway in muscle cells and regulates glucose

uptake via glucose transporter 4. In the damaged muscle after strenuous exercise,

insulin-stimulated glucose uptake is decreased along with a reduction of insulin

signal transduction, which suggests that 4-HNE modification of IRS-1 is

involved in the transient impairment in insulin sensitivity. Sahlin et al. (2010)

showed a marked elevation of 4-HNE modification of mitochondrial protein after

acute endurance exercise. In addition, Kato et al. (2000) have reported that

Nε-(hexanoyl)lysine (HEL), which is generated from the reaction between the

lysine moiety and 13-hydroperoxyoctadecadienoic acid (13-HPODE), is

increased in the muscle obtained from rats, which have performed high-intensity

exercise training for 3 weeks. In contrast, the administration of eriocitrin, a

flavonoid contained in lemon and lime fruits, to exercise-trained rats suppressed

the formation of HEL.
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4 HEL-Modification of CPT-I and Lipid Metabolism

in Exercise

A major source of ROS production during exercise is the mitochondrial electron

transport. Thus, mitochondrial proteins could be a major target of posttranslational

oxidative modification during exercise. The HEL moiety is a novel adduct formed

by the reaction of linoleic acid hydroperoxide and lysine, and is a marker of lipid

peroxidation-derived protein modification in the early stages after oxidative stress

(Kato et al. 1999; Osawa and Kato 2005), and therefore may be useful in detecting

oxidative modification of mitochondrial protein during acute exercise (Fig. 15.2).

Thus, we hypothesized that proteins on the mitochondrial membrane are easily

modified by lipid peroxide generated on the membrane. In an analysis of mouse

gastrocnemius muscle obtained immediately after running, the modification of

carnitine palmitoyltransferase I (CPT I) by HEL was detected (Aoi et al. 2008).

CPT I is located on the mitochondrial membrane and is a rate-limiting step in fatty

acyl-CoA entry into the mitochondria in the muscle (McGarry and Brown 1997). In

contrast, astaxanthin, an antioxidant in the mitochondrial membrane, limits the

modification of CPT I by HEL after exercise, suggesting that astaxanthin directly

traps the oxygen radicals generated by exercise, and/or that astaxanthin promotes

the activation of a defense mechanism such as the induction of antioxidative

enzymes, and/or that astaxanthin furthers the excretion of HEL from the skeletal

muscle by activation of the proteasome. We previously reported that orally admin-

istered astaxanthin is absorbed in the intestine and accumulates in the muscle

tissues in mice (Aoi et al. 2008). In addition, Manabe et al. (2008) have demon-

strated that astaxanthin accumulates in the mitochondrial fraction and inhibits the

oxidative modification of mitochondrial proteins in mesangial cells. Thus, the

mitochondria are considered to be a major target of astaxanthin.

Several studies (Campbell et al. 2004; Holloway et al. 2006) have shown that the

fatty acid translocase/cluster of differentiation 36 (FAT/CD36) is associated with

CPT I on the mitochondrial membrane and increases its function. We found that the

interaction between CPT I and FAT/CD36 in the muscle during exercise was

facilitated by astaxanthin (Aoi et al. 2008). Thus, modification of CPT I by HEL

may alter the colocalization of CPT I with FAT/CD36 by changing the CPT I

structure, which could lead to the regulation of lipid metabolism during exercise.

Lipolysis in the body is important during exercise to facilitate lipid utilization in the

muscle rather than release it from the adipose tissue. The utilization ratio of

carbohydrates and lipids for energy generation is almost equal when exercise is

of low to moderate intensity. A possible factor influencing the utilized ratio of these

energy substrates is the colocalization of CPT I with FAT/CD36. Exercise-induced

ROS may partly limit the utilization of fatty acids via diminishing the CPT I activity

caused by HEL modification (Fig. 15.3). Indeed, we and another group found that

inhibition of this modification by dietary astaxanthin increased fat utilization during

exercise as compared with mice on a normal diet and prolonged the running time to
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Fig. 15.2 Relationship among ROS, oxidative protein modification, and nutrient metabolism.

ROS are generated via mitochondria and xanthine oxidase, and then oxidizes lipids during

exercise, which results in elevation of Nε-(hexanoyl)lysine, an early stage lipid peroxidation

marker. In recovery period following exercise, invasion of phagocytes into muscle tissues occurs,

which progresses muscle damage via inflammation. In this process, lipid peroxide reaction is

further progressed and aldehyde including 4-hydroxy-2-nonenal is produced. Such lipid peroxides

modify particular metabolic protein posttranslationally, leading to modulation of nutrient

metabolism
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Fig. 15.3 HEL modification of CPT-I on mitochondrial membrane. Amount of FAT/CD36 that

coimmunoprecipitated with CPT I (A) and HEL-modified CPT I (B) in skeletal muscle of ICR

mice. A single bout of exercise was performed at 30 m/min for 30 min. Lysate protein from the

muscle collected immediately after running was immunoprecipitated with CPT I antibody. Immu-

noprecipitates were separated by SDS-PAGE and membranes probed for FAT/CD36 (A) or HEL

(B). Values are the mean � SE. *, significant difference at the level of P < 0.05 (Data are from

Aoi et al. 2008)
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exhaustion (Aoi et al. 2008; Ikeuchi et al. 2006). Therefore, HEL-modification of

CPT I can partly suppress lipid metabolism during exercise, which would affect the

endurance performance and efficiency of adipose tissue reduction with training.

5 Prospective

Many evidences have indicated that oxidative stress has both positive and negative

effects. A moderate grade of oxidative stress enhances muscle force production,

nutrient metabolism, and antioxidant enzymes (Ristow et al. 2009; Gomez-Cabrera

et al. 2008; Powers and Jackson 2008), although excess ROS functions as a

damaging factor in cellular components. In contrast, dietary vitamin C and E cancel

many exercise-induced adaptive benefits, such as improvements in insulin sensi-

tivity, blood pressure, and endurance capacity, which are caused by suppressing the

expression of redox-sensitive proteins, including PPAR gamma coactivator-1

alpha, AMP activated kinase, and superoxide dismutase 2. Therefore, the dietary

intake of antioxidants for exercise therapy for the treatment and prevention of

diseases and for training to improve the athletic performance is a debatable matter.

On the other hand, some antioxidants accelerate energy metabolism and insulin

sensitivity induced by exercise via the elevation of key modulators (Aoi et al. 2008;

Richards et al. 2010; Henriksen 2006; Dolinsky et al. 2012). Therefore, we cannot

group all antioxidants together, and we should consider the respective properties of

each antioxidant individually but not their absolute antioxidative capacity. This

may be responsible for the beyond-antioxidant properties that each compound has

specifically. Oxidative protein modification during early-stage oxidative damage,

e.g. HEL, may be useful as a potential biomarker to examine the benefit of

antioxidant compounds in the sporting scene as well as in regulating oxidative

stress levels, although a study focusing on the relationship between protein modi-

fication and physiological function in exercise is underdevelopment. Further

research is required regarding the functional analysis of modified proteins along

with whether this can be a biomarker of athletic performance levels, fatigue, and

health benefits obtained from dietary exercise.
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Chapter 16

Suppressive Effects of Cacao Polyphenols

on the Development of Atherosclerosis

in Apolipoprotein E-Deficient Mice

Midori Natsume and Seigo Baba

Abstract Previous studies in humans have shown that the cacao polyphenols, (�)-

epicatechin and its oligomers, prevent in vitro and ex vivo low-density lipoprotein

oxidation mediated by free radical generators and metal ions and also reduce

plasma LDL-cholesterol levels. The aim of this study was to examine the effects

of cacao polyphenols on the development of atherosclerosis in apolipoprotein

E-deficient (�/�) mice. Mice aged 8 weeks (n ¼ 90) were randomized into three

groups, and fed either normal mouse chow (controls) or chow supplemented with

0.25 or 0.40 % cacao polyphenols for 16 weeks. The mean plaque area in cross-

sections of the brachiocephalic trunk was measured and found to be lower in the

0.25 % cacao polyphenol group than in the control group (p < 0.05). Pathological

observations showed that accumulation of cholesterol crystals in the plaque area

was greater in the control group compared with the 0.40 % cacao polyphenol group

(p < 0.05). Immunochemical staining in the 0.25 and 0.40 % groups showed that

expression of the cell adhesion molecules (VCAM-1 and ICAM-1) and production

of oxidative stress markers (4-hydroxynonenal, hexanoyl-lysine, and dityrosine)

were reduced in cross-sections of the brachiocephalic trunk. These results suggest

that cacao polyphenols inhibit the development of atherosclerosis in apolipoprotein

E-deficient (�/�) mice by reducing oxidative stress and inflammatory responses.
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1 Polyphenolic Substances in Cocoa and Their

Antioxidative Activity

Cacao beans contain various polyphenolic substances including epicatechin and its

oligomers linked by C4 ! C8 bonds such as procyanidin B2 (dimer), procyanidin

C1 (trimer), and cinnamtannin A2 (tetramer). The chemical structure of these

compounds is shown in Fig. 16.1 (Natsume et al. 2000; Hatano et al. 2002).

These compounds have been shown to be the major antioxidative components of

cocoa and chocolate (Natsume et al. 2000). Their effect on the susceptibility of

human low density lipoprotein (LDL) to oxidation has been demonstrated (Lotito

et al. 2000; Osakabe et al. 2002). LDL oxidation is known to be a major cause of

atherosclerosis, with antioxidative substances thought to suppress the onset and

development of atherosclerosis.

2 Human Studies

Studies we carried out on healthy human subjects also showed that intake of dairy

cocoa powder enhanced the resistance of LDL to oxidation (Baba et al. 2007a, b;

Osakabe et al. 2001). To further delineate the role of cocoa powder in protection

against atherogenesis we examined the effects of cocoa intake on plasma concen-

trations of oxidized LDL and lipids and the urinary oxidative stress marker,

8-oxo-7,8-dihydro-2-deoxyguanosine, and lipid hydroperoxide-derived protein

modification in normocholesterolemic and mildly hypercholesterolemic human

subjects. Hollenberg et al. also reported that the Kuna Indians of Panama who

frequently drink cocoa have a reduced risk of cardiovascular disease (Hollenberg

et al. 2009). In addition, meta-analyses of randomized, controlled trials have been

performed to examine the effect of cocoa on cardiovascular risk and hypertension

(Desch et al. 2010; Hooper et al. 2008, 2012).

3 The Effect of Cacao Polyphenol Supplementation

on Atherogenesis in Apolipoprotein E-Deficient

(�/�) Mice

A clinical study in healthy volunteers demonstrated that daily intake of cocoa

powder decreased the susceptibility of LDL to oxidation. Intake of polyphenolic-

rich fractions derived from cocoa powder was also shown to suppress the formation

of atherosclerosis in hypercholesterolemic rabbits (Osakabe et al. 2000) and KHC

rabbits (Kurosawa et al. 2005a, b). In this chapter, we describe a study on the anti-

atherosclerotic effect of 24 week of cacao polyphenol administration in apolipo-

protein E-deficient (�/�) mice.
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3.1 Body Weight and Plasma Analyses

The mice received a diet based on the composition of AIN-93G. The apolipoprotein

E (+/+) mice fed a normal diet. The apolipoprotein E-deficient (�/�) mice in the

0.25 or 0.40 % cacao procyanidin groups received a diet, respectively. The poly-

phenol composition of catechin, epicatechin, procyanidin B2, procyanidin B5,

procyanidin C1, and cinnamtannin A2 in the cacao polyphenols was analyzed as

epicatechin equivalents. The quantities of the constituents were 2.43 % catechin,

5.77 % epicatechin, 3.85 % procyanidin B2, 1.27 % procyanidin B5, 1.71 %

procyanidin C1, and 0.995 % cinnamtannin A2.

Body weight and plasma total cholesterol, LDL-cholesterol and triglyceride

levels in the three groups at the beginning and end of the study are shown in

Table 16.1. Weight at the end of the 26-week experiment was similar in the

three groups. There was also no significant difference in total-cholesterol,

HDL-cholesterol and triglyceride levels in the three groups. There is evidence

that apolipoprotein E-deficient (�/�) mice have elevated plasma cholesterol and

increased lipid peroxidation in the arterial wall. In the present study, dietary

supplementation of cacao polyphenols in apolipoprotein E-deficient (�/�) mice

did not affect plasma total cholesterol, HDL cholesterol, or triglyceride levels.

These findings are similar to those observed in apolipoprotein E-deficient (�/�)

mice fed tea catechins (Miura et al. 2001).

3.2 Atherosclerotic Lesion Area in Apolipoprotein
E-Deficient (�/�) Mice

Atherosclerotic lesions in the proximal aorta of the mice were determined using a

previously described method (Bentzon et al. 2001). The percentage of
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Fig. 16.1 Structure of the cacao polyphenols (a) (-)-epicatechin and (b) procyanidins (n ¼ 0–2)
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atherosclerotic lesions in the aortic root was measured in 10 mice and the cross

section of the brachiocephalic trunk measured in a further 10 mice. The area of

atherosclerotic lesions in the aortic root and brachiocephalic trunk stained with oil

red was measured using computer assisted image analysis.

The atherosclerotic lesion area in each aortic section (entire aorta, arch and

thoracic plus abdominal) is shown in Fig. 16.2. In the normal diet group, 33 % of the

entire aortic area was covered with fatty plaque, while 35 and 29 % were covered in

the 0.25 and 0.4 % cacao polyphenol diet groups, respectively. Lesions of compa-

rable morphology were found in all the aortic sites examined.

The atherosclerotic lesion area in the cross-section of the brachiocephalic trunk

is shown in Fig. 16.3. Mean plaque area was found to be lower in the 0.25 % cacao

polyphenol group than in the control group (p < 0.05). These data indicated that

cacao polyphenols reduce formation of atherosclerotic lesions in the aortic sinus.

Proanthocyanidins in wine, tea catechins and flavonoids have also been shown to

reduce the extent of these lesions in the aorta (Miura et al. 2001; Chyu et al. 2004;

Hayek et al. 1997).

3.3 Pathological Observations of the Brachiocephalic Trunk

Cross sections of the brachiocephalic trunk were cut from the aortic sinus of

apolipoprotein E-deficient (�/�) mice fed either the control diet or 0.25 or 0.4 %

cacao polyphenols. Morphological features including atheroma formation, foam

cells, and cholesterol crystals were evaluated. The pathological classification of

atheroma formation, form cells and cholesterol crystals in plaque was evaluated as

either no change, slight, moderate, or marked. All evaluations were conducted in a

double-blind fashion by Fuji Biomedix Co., Ltd. (Saitama Japan).

Table 16.1 Body weight and plasma lipids in the four groups of mice

Apolipoprotein E-deficient (�/�) mice

Apolipoprotein

E (+/+) mice

Control

0.25 % cacao

polyphenols

0.40 %

cacao

polyphenols Normal

Body weight Initial (8w) 32.5 � 3.7 31.8 � 3.2 32.0 � 2.8 22.0 � 1.0

Final (24w) 50.1 � 8.4 48.0 � 7.1 47.4 � 7.0 26.9 � 1.6

Total cholesterol

(mg/dL)

Initial (8w) 428 � 120 421 � 143 378 � 89 52.8 � 5.5

Final (24w) 440 � 115 431 � 100 429 � 92 52.9 � 4.2

HDL cholesterol

(mg/dL)

Initial (8w) 104 � 25 102 � 27 105 � 26 38.4 � 4.1

Final (24w) 112 � 26 94 � 19 93 � 23 37.9 � 6.9

Triglyceride

(mg/dL)

Initial (8w) 251 � 175 243 � 115 236 � 96 87.5 � 16.3

Final (24w) 215 � 109 197 � 95 190 � 64 59.4 � 11.2
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Atheroma formation, foam cells, and cholesterol crystals in the lesions are shown

in Fig. 16.4 and the results of the pathological observation summarized in Table 16.2.

The degree of cholesterol crystal accumulation in the plaque area was higher in the

control group than in the 0.40 % cacao polyphenol group (p < 0.05). These data

indicate that cacao polyphenols reduce cholesterol accumulation in the aorta.

3.4 Immunohistochemical Staining with Individual
Antibodies

Cross sections of aortic sinuses were stained with antibodies against macrophages,

VCAM-1 (Biogenesis) and ICAM-1 (Anti-CD36 antibody produced in rabbit;

SIGMA), 4-hydroxynonenal (HNE) (Anti-HNE-Michael Adducts, Calibochem),

hexanoyl-lysine (HEL) (Kato et al. 2000a) and dityrosine (DT) (Kato

et al. 2000b). Typical results are shown in Fig. 16.5. The production and
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Fig. 16.2 Effects of cacao polyphenols on the size of aortic atherosclerotic lesions in apolipoprotein

E-deficient (�/�) mice. The aortic lesion size of (a) the entire aorta, (b) arch, and

(c) thoracic + abdominal was measured by the same person using computer-assisted image analysis.

The percentages of lesion area relative to the entire aorta are expressed as mean � SE of 10 mice
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localization of oxidative stress markers are co-localized with macrophages in the

atherosclerotic lesions. Cacao polyphenols reduced staining intensity in sections

treated with antibodies against macrophages, VCAM-1 and ICAM-1, HNE, HLE,

and DT. Fukuchi et al. reported that HEL and DT produce and localize oxidative

stress markers in atherosclerotic lesions (Fukuchi et al. 2008). HEL is considered to

be an earlier and stable marker of lipid peroxidation-derived products in human

atherosclerotic plaque, while HNE is formed by lipid peroxidation of omega-6

unsaturated fatty acids. HNE is also associated with various diseases. The sections

were stained with antibodies against macrophage, VCAM-1 and ICAM-1. Noh
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Fig. 16.3 Effects of cacao polyphenols on the size of aortic atherosclerotic area in cross sections

of the brachiocephalic trunk in apolipoprotein E-deficient (�/�) mice. The cross sections were cut

from the aortic sinus from apolipoprotein E-deficient (�/�) mice fed either a control diet or 0.25

and 0.40 % cacao polyphenols for 26 weeks and from apolipoprotein E (+/+) mice fed a normal

diet. The aortic lesions were analyzed as described in the Methods section. Each point represents

the measured lesion size in each mouse. Results are expressed as the mean � SE of 10 mice

Fig. 16.4 Pathological

observation of the

brachiocephalic trunk.

Cross sections of the

brachiocephalic trunk

illustrating a fatty streak

(foam cells only) located

distally in the artery and a

mature plaque containing

cholesterol crystals
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et al. reported that polyphenols from Phellinus baumii reduced the level of aortic

mRNA expression of ICAM-1 and VCAM-1 in apolipoprotein E- deficient (�/�)

mice (Noh et al. 2011). The development of atherosclerosis is associated with

monocyte adhesion, with ICAM-1 and VCAM-1 being induced by tumor necrosis

factor-α (TNF-α) and oxidized LDL, resulting in monocyte adhesion. Furthermore,

atherosclerosis is a chronic inflammatory disease initiated by the interaction of

circulating monocytes (Ross 1999). There is evidence that cacao polyphenols

reduce the production of inflammatory mediators such as lipoxygenase and

myeloperoxidase (Sies et al. 2005). These observations suggest that reduction

of oxidative stress and adhesion factors in the arterial wall may contribute to the

anti-atherogenic effect of cacao polyphenols.

4 Conclusion

As shown in Fig. 16.6, cacao polyphenols reduced the numerous loci of athero-

sclerosis. Oxidative stress caused by reactive oxygen species, oxidation of plasma

and LDL, and chronic inflammation are associated with monocyte recruitment in

the arterial wall.

Table 16.2 Pathoanatomical observations

No change Slight Moderate Marked

Atheroma formation

Apolipoprotein E-deficient (�/�) mice

Control 0/10 1/10 5/10 4/10

0.25 % cacao polyphenols 3/10 3/10 4/10 0/10 p ¼ 0.011 (vs. control)

0.40 % cacao polyphenols 2/10 1/10 7/10 0/10 p ¼ 0.059 (vs. control)

Apolipoprotein E (+/+) mice

Normal 10/10 0/10 0/10 0/10

Foam cells in plaque

Apolipoprotein E-deficient (�/�) mice

Control 3/10 4/10 2/10 0/10

0.25 % cacao polyphenols 3/10 2/10 3/10 2/10

0.40 % cacao polyphenols 4/10 0/10 4/10 2/10

Apolipoprotein E (+/+) mice

Normal 10/10 0/10 0/10 0/10

Cholesterol crystals in plaque

Apolipoprotein E-deficient (�/�) mice

Control 2/10 4/10 3/10 1/10

0.25 % cacao polyphenols 6/10 3/10 1/10 0/10 p ¼ 0.090 (vs. control)

0.40 % cacao polyphenols 9/10 0/10 1/10 0/10 p ¼ 0.010 (vs. control)

Apolipoprotein E (+/+) mice

Normal 10/10 0/10 0/10 0/10
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Fig. 16.5 Immunohistochemical detection of antibodies in cross sections of aortic sinuses. The

cross sections of the aortic sinuses were stained with antibodies against macrophages, VCAM-1

and ICAM-1, 4-hydroxy-2-nonenal, Nε-(hexanoyl)lysine and dityrosine

196 M. Natsume and S. Baba



Cacao polyphenols have properties that are well suited to the maintenance of

healthy blood vessels as they inhibit platelet aggregation, regulate vasodilatory

activity by controlling the levels of eicosanoids, NO and cytokines, and also inhibit

oxidation of LDL. These effects may also contribute to the anti-atherosclerotic

effect observed in the present study.
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