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Epoxy Phospholipids: Total Synthesis, Generation and in vivo Detection of

a New Class of Oxidatively Truncated Lipids

Abstract
By

Clementina Mesaros

Epoxy lipids are a relatively little studied class of oxidized phospholipids in
comparison with their y-hydroxy(oxo)-a,p-unsaturated analogs. Most of the
known epoxy lipids were first studied in foods. Recent studies indicate that epoxy
lipids are relevant to human diseases. Some of them readily form etheno adducts
upon reaction with DNA’s bases. These etheno adducts were detected in tissues
from cancer patients. Thus it is important to know the chemistry of epoxylipid
formation and their reactivity with other biomolecules. Epoxy phospholipids had
not been reported. However the chemistry underlying the formation of known
epoxy lipids seemed likely to produce such phospholipids. To assess the natural
occurrence and biological properties of these putative epoxy phospholipids, one
member of this class was prepared by total synthesis. The route developed can
be easily modified to allow the production of other epoxy phospholipids. The

production of the new phospholipid from oxidation of linoleic acid was

XXVi



demonstrated in vitro. The presence of this epoxy phospholipid was further
detected in rat retina.

Extensive literature precedent suggests that 9-hydroperoxy-10,12
octadienoic acid and 13-hydroperoxy-9,11-octadienoic acid are the primary first
generation oxidation products from linoleic acid. They can fragment to produce
epoxy-truncated lipids, such as 4,5-epoxy-2(E)-decenal, the most studied
representative of the class. Several mechanism and putative intermediates have
been proposed for the formation of epoxy lipids from these lipid peroxide
precursors. By examining the autoxidation of one putative intermediate, 13-
hydroperoxy-9,10-cis-epoxyoctadeca-11-enoic acid, we concluded that the
proposed epoxy hydroperoxide mechanism involving this intermediate is a

feasible pathway for the formation of epoxy lipids.
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Chapter 1

Introduction



1.1. Overview

Lipid peroxidation, the mechanisms by which this process can take place,
and the numerous products that it generates have attracted considerable
research efforts. This interest is due, at least in part, to the importance of lipids in
biological systems and to the negative effects of the lipid peroxidation on human
health."® Lipids are found in foods and they are important constituents of the
human body, e.g., in membranes or low density lipoprotein (LDL). Accordingly,
the literature on lipids is divided into two major categories: one is found in food
journals,®'" dealing with the oxidation of the lipids and the byproducts that alter
the food quality, and the other is in medical journals, dealing with the pathology
induced by the products of lipid peroxidation in the body.'*'*

This chapter focuses on recent research on the epoxy phospholipids that
are produced by lipid peroxidation. They are a relatively newly studied class of
lipids, but as reports are showing, they can be of very great importance to human
health.'®1%6

Chapter 2 will address the rationale by which the existence of a new
epoxy phospholipid was postulated in our laboratories. The total synthesis of this
product and its detection in vitro and in vivo will also be described.

The importance of phospholipids in human health will be discussed in
Chapter 3, followed by our own contribution to the field with the synthesis of
another new fragmentation product from an intermediate of lipid peroxidation,

along with its detection in oxidation experiments in vitro.



The last chapter (Chapter 4) will have two parts. Part A will present pilot
studies on phosphatidyletanolamine depletion in membranes caused by
oxidation. Part B will present the synthesis of a series of analogues of 2-(9-
hydroxy-12-oxododecanoyl)phosphatidylcholine (HODA-PC) and 2-(5-hydroxy-8-
oxooctanoyl)phosphatidylcholine (HOOA-PC), two phospholipids previously
postulated and synthesized by the Salomon group."” In collaborative studies,
these phospholipids were detected in vivo and some biological properties were
elucidated.'®®

It is noteworthy that the polyunsaturated fatty acids (PUFAs) can be found
in nature free or as esters, and free radicals radicals attack them with about
equal probability.'> Most PUFAs have homoconjugated double bonds, and similar
or even the same oxidation products can be formed from autoxidation of various
different fatty acids, e.g., 4-hydroxy-2-nonenal (HNE) can be formed from both
linoleic acid (LA) and arachidonic acid (AA)." Nevertheless, because LA was
shown to be present in living organisms in quantities that exceed the quantities of
AA and other PUFAs by almost an order of magnitude,?’ most of the literature
data is focused on LA. The epoxides that are formed directly by oxidation of the
double bonds in the starting acids represent the “first generation” of epoxidation
products, which in turn can fragment in subsequent reactions to give rise to
“second and third generations” epoxides with truncated backbones. Products of
the first, second, and third generations have all been shown to have physiological

relevance to human health.?"%?



1.2. First Generation Epoxides Derived from Polyunsaturated Lipids

1.2.1. Formation of first generation epoxides from unsaturated lipids.
As will be discussed in more depth in Chapter 3 of this thesis, LA forms mainly
two hydroperoxides, 9-hydroperoxyoctadeca-10,12-dienoate (9-HPODE) and
13-hydroperoxyoctadeca-9,11-dienoate (13-HPODE), upon exposure to oxidants.
These reactive hydroperoxides have a hydroperoxy moiety in an allylic position of
a conjugated diene. They can form a large number of oxidatively truncated
products. As early as1967, there were studies on the decomposition of pure
individual hydroperoxides, prepared by the selective action of the
lipoxygenases.® This approach of studying each HPODE individually was
adopted to reduce the number of oxidation products formed in the decomposition
reactions, and to facilitate the assignment of their origin.

The hydroperoxides can undergo decomposition in the presence of Fe® to
produce alkoxy radicals, which then can participate in three types of reactions.
The largest fraction of the alkoxy radicals is converted, by hydrogen atom
abstraction, to the corresponding alcohols.?*? Cleavage of the alkoxy radicals to

26,27

aldehydes, and hydrocarbon radicals that can abstract hydrogen atoms to

6,28 ranks second in terms of occurrence.

give the corresponding hydrocarbons
The third type of reaction of alkoxy radicals involves initial rearrangement to
mesomeric epoxy radicals like 1.2 and 1.3 in Scheme 1.1. The epoxy radicals
can react with molecular oxygen to form epoxy hydroperoxy radicals 1.4 and 1.5

that then give hydroperoxides 1.6 and 1.7 (Scheme 1.1 ).29 These can further

decompose to epoxy hydroxy acids such as 1.8 and 1.9.
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Scheme 1.1 Generation of epoxy hydroxy acids 1.8 and 1.9 from the alkoxy

radical 1.1 derived from 13-HPODE.

When reduced in the presence of FeCls-cysteine, the epoxyhydroperoxide
1.7 was converted into the epoxy alcohol 1.9. Thus, epoxy hydroperoxides are
intermediates in the oxidative decomposition of lipids.*® Epoxy hydroxy acids,
such as 1.8 and 1.9, can be easily hydrated to produce the corresponding

trihydroxy acids.*’



Experiments with '20 labeled 13-HPODE elucidated a mechanism for the
conversion of hydroperoxy acids into epoxy hydroxy acids.**** Because the ®0
was incorporated in both the epoxide ring and the hydroxyl group, the reaction is
apparently intramolecular. The hydroperoxy radical 1.10, derived from 80
labeled 13-HPODE, attacks the proximal double bond at the £ carbon, and an
epoxy alkoxy radical 1.12 is formed by rearrangement of the intermediate 1.11
(Scheme 1.2). This is an intramolecular version of the oxygen atom transfer
process outlined in Scheme 1.3 (vide infra). Alkoxy radical 1.12 then gives 1.13

by hydrogen atom abstraction from another lipid molecule (LH).
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Scheme 1.2 Mechanism for the formation of the bis ®0-labeled epoxy hydroxy

acid 1.13 from the bis ®0-labeled hydroperoxy acid 1.10.%%



It is known that peroxy radicals can attack isolated double bonds (Scheme
1.3). This can result in the formation epoxy lipids by oxygen atom transfer to fatty
acids other than PUFAs, such as AA and LA. Even monounsaturated fatty acids,
such as palmitoleic acid (16:1) and oleic acid (18:1), can be transformed in this

22,34

manner into epoxy fatty acids, and unsaturated steroids can be similarly

epoxidized.*® Epoxidation of isolated C=C bonds is common in plant lipids.*®

(O-0L Co-L
R ) R RS 3R Ry Re
\/—< 1\/ « \/z 3<
H H H H 100 H H
1.14 1.15 1.16

Scheme 1.3 Reaction of a peroxy radical with an isolated double bond.

1.2.2. Biological relevance of first generation epoxides derived from
unsaturated lipids. Epoxy alkenyl radicals like 1.2 and 1.3 in Scheme 1.1 can
abstract hydrogen from another LA molecule to form epoxides of linoleic acid.
Epoxides derived from LA were detected in tissues after burn injury>® or following
myocardial infarct.??

The epoxy acids resulting from peroxidation of lipids can react with
nucleophilic centers'® in biomolecules with concomitant opening of the epoxide
ring. Therefore, they are likely to have physiological relevance.

The first epoxy acid to be identified as an inhibitor of the respiratory
activity in the heart and liver of rats was 12,13-epoxy-9-hydroperoxy-10-
octadecenoate.® 9,10-Epoxy-12-octadecenoate, also named leukotoxin, was

found in human burned skin and in lung lavages in patients with adult respiratory

distress syndrome.’** |t was shown to have a highly toxic effect on cellular



function (hence its name).* 9,10-Epoxy-12-octadecenoate exhibits anti-tumor
and anti-fungal effects,?’ but it also has a highly toxic effect on mitochondria®
and depresses cardiac function.*® Leukotoxin is biosynthesized in mammalian
cells by a microsomal P-450-linked monooxygenase, called epoxygenase.?'

Leukotoxin can be hydrolyzed to hydroxy acids by the cytosolic or microsomal

epoxide hydrolases.*

1.3. Second Generation Epoxides Derived from Polyunsaturated Lipids

The second generation of epoxy lipids, refers to epoxy lipids that result
from fragmentation of the initial lipid backbone (Scheme 1.4). A large body of
work describes the epoxides involved in the decomposition of foods.®"! There
are mainly two types of truncated epoxy lipids: 2,3-epoxy alkanals and 4,5-
epoxy-2-alkenals. The aldehydes are more stable than their putative intermediate
free radical precursors and, therefore, can diffuse from the place of their
formation, reach and attack both intracellular and extracellular targets. The
targets can be distant from the initial free radical oxidative occurrence. Therefore,
these oxidative fragmentation products might be considered a type of “second
toxic messenger”.*® As presented in Scheme 1.5, they can react with amino
groups in other biomolecules. The products of such alkylation reactions may be

implicated in the pathology of diseases.*'™*
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Scheme 1.4. General mechanism for the formation of the epoxy alkenals.'
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Scheme 1.5 General pathways for the formation and further transformations of

epoxyalkenals.
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1.3.1. Formation of epoxyalkenals. The epoxyalkenals were first

71945 and some fat containing foods.® Trans-4,5-

observed in model systems
epoxy-(E)-hept-2-enal, reported in 1978,° was the first example of this class of
oxidatively-truncated lipid. The same chemistry that results in the formation of
this epoxy alkenal should generate a family of 4,5-epoxy-2-alkenals from various
different PUFAs. Two plausible routes have been proposed for the generation of
4,5-epoxy-2-alkenals. One (Scheme 1.6) envisions the decomposition of an
epoxy hydroxyperoxide intermediate 1.7.'° The conventional free-radical scission
mechanism was further confirmed by the same authors.” They heated the pure
expoxy hydroperoxides synthesized by epoxidation of only one hydroperoxy acid
(in this case, 13-HPODE, 1.18) to induce molecular decomposition, and identified
trans-4,5-epoxy-2E -decenal (1.19). This method is believed to result in a

cascade of homolytic reactions that will lead in the end to the B-scission of the

radicals and the carbons chain will be cleaved.’

CsH CHy);COOH o
LA (1.17) e 118

.OHVl Heat and/or Fe2*
OH o
Q g (CHo)7COOH < D 4 ©
W )\/\Q/
CsHy1 A 2)7 © CiHy /\/Q/ ~_ _(CH,);COOH

1.7 H 1.1

Heat and/or Fe2+l
(0]

o)
C5H11/<1/\)J\H +  HO(CH,);COOH

1.19
Scheme 1.6 A pathway for the formation of trans-4,5-epoxy-2(E)-decenal (1.19)

from the linoleic acid proposed by Gardner and Selke.’
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Another route that can result in the generation of 1.19 (Scheme 1.7) involves the

formation of 2,4-decadienal (1.22) as a key intermediate.®

LA (1.17) l o
2
o-OH

1.20

“ OOH

NN FN(CH,)sCOOH

1.21

Heat lk products

Scheme 1.7 Formation of trans-4,5-epoxy-2(E)-decenal (1.19) by peroxidation of

(E,E)-deca-2,4-dienal (1.22) according to Gassenmeier and Schieberle.®

Other analogous epoxy aldehydes, found in various foods, include 4,5-
epoxy-2(E)-heptenal,” %% 4 5-epoxy-2(E)-nonenal*®*’, 4 5-epoxy-2(E)-

,"1% and 2,3-epoxyoctanal.?>#® Although no analogous truncated epoxy

decena
alkenal phospholipids have been reported, there is no obvious reason why the

mechanisms that lead to generating 1.19 would not produce such phospholipids.
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1.3.2. Reactions of the epoxy-alkenals with biological nucleophiles.
The possibility that the aldehyde group of oxidatively truncated lipids could react
with a amino groups in biomolecules was noted above (see Scheme 1.5). It was
reported that the 4,5-epoxy-2-alkenals react with the lysine amino group*® and
with histidine residues.*? They can also modify amino groups in DNA bases?**°
and in phosphatidylethanolamine.'® Two types of pyrrole derivatives are

produced in the reaction with primary amines: N-substituted 2-(1-

hydroxyalkyl)pyrroles 1.25 and N-substituted pyrroles 1.26 (Scheme 1.8).%°

1 1
R\W/\)J\H R?NH, R\W/\/\NRZ

O O 1.23

g

Y%

R! N

& R

/ 1.24

RH/(N\> D + R'CHO

OH R2 RZ
1.25 1.26

— \ = ! _/ \
R1\7(N>§/(N\> R1\/(N>§/(N\>\V//CN>
Re R

' R1 R2
1.27 1.28

R2

Scheme 1.8 Polycondensation products from epoxyalkenals and amino
compounds.'®
The N—substituted pyrroles formed from the reaction of epoxy alkenals with

phosphatidyethanolamine are relatively stable. As yet, they have been identified
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only in food products.®' Pyrrole derivatives have been identified in oxidized
LDL,%*°® and they are abundant in blood plasma from patients with renal disease
or atherosclerosis and are present in atherosclerotic plaques.'™ However, they
were believed to be formed from the reaction of HNE with primary amines." The
N-substituted 2-(1-hydroxyalkyl)pyrroles (1.25) “are unstable and polymerize
spontaneously producing dimers, trimers, tetramers and in the end, lipofuscin-like
pyrroles” (1.28).>*'° Lipofuscin consists of autofluorescent lysosomal storage
bodies that accumulate in many tissues during senescence, also known as age-
pigment.>’More studies are needed to determine the different affinities of the
epoxy aldehydes for proteins or phosphatidylethanolamine. The understanding of
these processes may be of value for designing therapeutic measures to prevent
the pathological modifications that lead to numerous health problems.*®°57

Studies of the reaction of epoxy alkenals with amino phospholipids in
vitro'® indicate that these lipids can compete with proteins for adduction by the
oxidatively truncated lipids. However further studies, especially in vivo, would be
relevant to be carried out in order to achieve a conclusion about the relative rates
of reaction with various amino compounds available in the organism, taking into
account also the relative distribution of these biomolecules.®

The attack of bifunctional lipids such as epoxides on DNA bases produces
etheno adducts (Figure 1.1).°*%° Etheno adducts have been found in DNA from
healthy human tissues,® but the levels were increased in inflammatory
conditions.®' These observations suggested that such DNA adducts could have

an important role in diseases associated with inflammatory conditions. There are
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also reports®26364

noting that all etheno (¢)-adducts are “potentially mutagenic in
vivo.” Although there are various repair enzymes that might remove the ¢-

adducts from the genome,*® in some cases accumulations will occur (see also

Figure 1.2).
N
[ \>\LN\> i N
N
\<\ N N Y
N e
N drR
1,N6-ethenodeoxyadenosine (1.29) 1,N2-ethenodeoxyguanosine(1.30)
N
0 [ \
N N
o T gy
/N N o N
|
N R dR
N2,3-ethenodeoxyguanosine (1.31) 3,N*-ethenodeoxycytidine (1.32)

Figure 1.1 Chemical structure of some exocyclic DNA adducts.

The connection between elevated levels of reactive oxygen (and nitrogen)
species (ROS) and several types of cancers is well established.®’ Recently, it
also was reported that the levels of etheno-DNA adducts in pancreas, breast, or

cancer-prone®®

patients are also significantly higher than in healthy individuals.
This prompted the development of in vivo methods of detection, and these
adducts were proposed as biomarkers for oxidative stress and lipid peroxidation,
and implicitly with utility for prevention and diagnosis of cancer. The authors

outlined a hypothesis for the role of persistent oxidative stress on lipids in

promotion and progression of carcinogenesis, as illustrated in Figure 1.2.
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(Adduct specific repair )
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Figure 1.2. Hypothetical scheme implicating persistent oxidative stress as a

major event in the development and progression of malignant cells.®’

External or genetic risk factors trigger the production of ROS, which
convert lipids to oxidatively truncated products such as epoxy alkenals. These
species react with DNA to generate the promutagenic etheno-adducts. When the
load of this oxidative damage exceeds the ability of repair enzymes to replace
the mutagenic genes, the rates of mutations are increased leading eventually to

malignant cells and tumors.
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2.1. Background

Linoleic acid is the most abundant polyunsaturated fatty acid (PUFA) in
the human body." Truncated phospholipids containing aldehyde functionality, and
the corresponding acids, are generated by oxidative cleavage of linoleyl
phospholipids. These lipid peroxidation products contribute to the pathogenesis
of numerous chronic? and degenerative diseases including cardiovascular
diseases, cancer, immune-system decline, brain dysfunction and cataracts.?

Hydroperoxides can be derived from linoleic acid (LA, 2.1) both
enzymatically and nonenzymatically. Cell injury can initiate lipid peroxidation,
leading to generation of oxidation products through nonenzymatic reactions,
induced by free radicals. 9(S)-Hydroperoxy-(Z,E)-9,11-octadecadienoic acid ( 9-
HPODE, 2.3) is produced by the action of cyclooxygenases 1 and 2.* It is a
precursor of 4-hydroxynon-2-enal (HNE, 2.5) (Scheme 2.1). Various
lipoxygenases enantioselectively transform linoleic acid into the hydroperoxide
isomers, 9-HPODE (2.3) 13-HPODE (2.2)5 while free radical-induced oxidation

delivers racemic hydroperoxides.

CgHq4 LA (121) (CH,);COOH
HOO l OOH
)w; /;\/—4
CgHqq X (CH5)7COOH + CsH1q4 (CH5)7,COOH
13-HPODE (2.2) 9-HPODE (2.3)

OH “ M OH
OV\)\/\/\/\/COOH @)
NC5H11
HODA (2.4) HNE (2.5)

Scheme 2.1 Formation of HODA (2.4) from the 13-HPODE (2.2) by analogy with
the formation of HNE (2.5) from 9-HPODE (2.3).
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Previous studies in the Salomon group, based on analogy with the free
radical-induced oxidative generation of HNE (2.5), demonstrated the formation of
a phospholipid analogue of HNE, 9-hydroxy-12-oxo-10-dodecenoic acid (HODA,
2.4) from linoleic acid (Scheme 2.1).° It was further proposed that the HODA
ester of 2-lysophosphatidylcholine (PC), HODA-PC (2.7), would undergo
chemistry analogous to that of HNE and would have biological activity. The
availability of abundant supplies of HODA (2.4) and its PC ester (2.7) by total
synthesis was valuable for testing these hypotheses.

The Salomon group has synthesized many other oxidized phospholipids
(Scheme 2.2) to test hypotheses about the oxidation products that might be

derived from the linoleic acid ester of 2-lyso-phosphatidylcholine (PL-PC, 2.6).

HOOG(CH )7, O.
PC  OHC(CHy);_O.
CHp)7~ O 2 Opc
oHE STy Ope O T

OH O A-PC (2.8
HODA-PC (2.7) (2.8) ON-PC (2.9)

N\

CH,);-_O. .
OH O
CH
KODA-PC (2.10) HOOCW 2)7\{)1/0?0 HDdIA-PC (2.12)

KDJiA-PC (2.11)

Scheme 2.2. Some oxidation products from PL-PC.
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The availability of adequate amounts of all these oxidized phospholipids,
prepared by unambiguous total synthesis, allowed for their biological activity to
be studied. The Salomon group and collaborators demonstrated that the keto-
aldehyde (KODA-PC, 2.10), the keto acid (KDdiA-PC, 2.11) and the hydroxy acid
(HDdIA-PC, 2.12) (Scheme 2.2) are components of the bioactive product
fractions from myeloperoxidase (MPO)-mediated oxidation of PL-PC (2.6).”
These oxidized phospholipids (0xPCs) are also ligands for the scavenger
receptor CD36 and may mediate the recognition of oxidized low-density
lipoprotein (oxLDL) by macrophages. The keto acid (KDdiA-PC, 2.11) is the most
active. These compounds are enriched in atherosclerotic lesions in rabbits.®
Together, these observations suggest that the oxidized lipids may promote foam
cell formation from macrophages by oxLDL endocytosis by the receptor CD36.

Other groups are also studying the oxidation products from linoleic acid.
Blair et. al® reported that vitamin C promotes the formation of 4,5-epoxy-2(E)-
decenal (4,5-EDE, 2.15) in vitro from 13-(S)-hydroperoxy-(Z,E)-9,11-octadeca-

dienoic acid (13-HPODE, 2. 2) under oxidative conditions ( Scheme 2.3). Blair’s

COOH \vit.C COOH .
SN Cs
==~ -Cshi = Csti o)
13-HPODE (2.2) OOH 213 O° 4,5-EDE (2.15)
vit.C
Nl
i = CgH
O)\/\(CE)HH vit.C 04\/\[( 511 OAy\(CsHﬂ
OOH O OH
4-HPNE (2.14) 4-ONE (2.16) 4-HNE (2.5)

Scheme 2.3. Formation of 4,5-EDE (2.15) from 13-HPODE (2.2).°
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experiments® showed that vitamin C levels comparable to the intracellular
concentration reached with a dose of 200 mg per day - the recommended daily
dose of vitamin C for healthy adults - could give rise to substantial amounts of
DNA damage in vivo through the known reaction of 4,5-EDE with DNA"

Since 4,5-EDE (2.15) is produced in vitro from the 13-HPODE (2.2)9, we
reasoned that an analogous compound, i.e., 13-0x0-9,10-epoxytridecenoic acid
(OETA, 2.17) should result from 9-HPODE (2.3), via similar oxidative pathways
(Scheme 2.4). In this case, there should also be a phospholipid analogue,
because linoleic acid and compounds derived from it by oxidative stress (see
also Scheme 2.2) exist as phospholipid esters in vivo. Therefore, we expected
oxidative cleavage of 9-HPODE-PC to produce the corresponding ester of OETA

(2.17), OETA-PC (2.20).

/:\/;
CsHy (CH,);COOH

LA (2.1)
l ref.9
HOO OOH
)w; /:\/—4
CsHq4 X (CH5)7COOH + CsH14 (CH»);COOH
13-HPODE (2.2) 9-HPODE (2.3)
iref.g i ?
0] O
/L\/\/O OM\/Q\
CsH14 N N (CH,);COOH
4,5-EDE (2.15) OETA (2.17)

Scheme 2.4. Formation of OETA (2.17) from the 9-HPODE (2.3).

In a more recent study,'" the Blair group demonstrated clearly that 4,5-
EDE (2.15) forms etheno adducts (vide infra) with deoxy-adenosine (dAdo) and
deoxy-guanosine (dGuo) (Scheme 2.5). These results provided a significant

correlation between a product of lipid peroxidation and a mutagenic DNA lesion.
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The etheno-adducts of DNA, when formed in vivo, are normally repaired.
However, in diseased individuals, these lesions are not repaired and subsequent
DNA replication leads to mutations'? or apoptosis.' Mutations in protooncogenes
and tumor suppressor genes have been directly implicated in human cancer.'?
Etheno adducts are mutagenic. They have been detected in human tissue
samples.™ An unsubstituted etheno-dAdo adduct 2.18 was shown to arise from
the reaction of 4,5-EDE (2.5) with dAdo (Scheme 2.5).

OWyC5H11
@)

4,5-EDE (2.15)

dAcy\iGuo

N HO

N
N
0 0
HOH,C HOH,C

1,N8-etheno-dAdo (2.18) 1,N2-etheno-dGuo (2.19)

Scheme 2.5. Formation of the etheno-adducts from 4,5-EDE (2.15).

In this chapter the practical total synthesis of OETA-PC, as well as its
generation from PL-PC and its detection in vivo will be described. In addition, in
vitro experiments performed in our collaborator lan Blair's group demonstrated
that trans-OETA-PC forms DNA adducts as predicted by analogy with the

chemistry of 4,5-EDE (2.15). These data are presented here as well.
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2.2. Results and Discussion

2.2.1. Synthesis of 1-palmitoyl-2- (13-0x0-9,10-trans-epoxy-octadeca-
11-enoyl)-sn-glycero-3-phosphatidylcholine (trans-OETA-PC, 2.20). To
facilitate studies of the generation, chemistry and biology of trans-OETA-PC
(2.20) we engaged in a synthetic program targeting this product. The route
established is short and utilizes straightforward steps that are easy to execute.

Trans-OETA-PC (2.20) was envisioned to arise from the acid 2.17 via an
esterification reaction with commercially available lyso-phosphatidilcholine (lyso-
PC). Intermediate 2.17 could be generated from an allylic alcohol 2.21 by
epoxidation of the E double bond and chain homologation (Scheme 2.6). In turn,
intermediate 2.21 might be assembled through alkylation of propargyl alcohol

with a hydroxyl protected derivative of the commercially available bromohydrin

2.22.
hiy
0 o) C15H31
OW(O o P—
Osg,-O ®
OETA-PC (2.20) ©O OJD\O/\/N(CHs)s
O <0 OH HO__
W( — \/\/@;OTHP
2.17 O 2.21
Br~"B0H
2.22

Scheme 2.6. Retrosynthesis of trans-OETA-PC (2.20).
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Previously, Goerger and Hudson'® published the synthesis of parinaric acid,
starting from 9-decen-1-ol. In five rather elaborate steps, they obtained the
intermediate 2.21. Starting from the bromo-alcohol 2.22, we arrived at the same
intermediate, in only 2 steps, with a 92% overall yield. The very convenient, one
pot reaction developed by Patterson'® for the conversion of terminal acetylenic
alcohols into (E)-olefinic alkenols, succeeded when we used a 2:1 ratio of the
propargyl alcohol to the electrophile 2.23, to generate the allylic alcohol 2.21.
This protocol produced exclusively the E isomer of 2.21 (Scheme 2.7) as
expected.

The allylic hydroxyl of 2.21 was protected as an acetate and the primary
alcohol was deprotected to 2.25 via established procedures’’>® (Scheme 2.7).
The alcohol 2.25 was then oxidized and deprotected during workup to provide
the seco-acid 2.26 in one step, as the only product (by NMR). The conversion of
the intermediate acetoxy acid to the hydroxyl acid 2.26 was the serendipitous
result of acidifying the reaction mixture to pH 1 using 6M HCI. This catalyzed

solvolysis of the allylic acetate group.

DHP. PPTS, HCCCH,OH,NHLi, Ac,0,
Fe(NOj);, -40 °C r.t.
DCM, r.t. 3% by
arthon2Mrt g Ahothp ; HO S Ahotre
98% 94% 95%
2.22 2.23 2.21
PPTS, EtOH CrOs, H,S0,,
AcO.__ 0°C A0 MeLCO. 0°C o
~NALoTHP T s6% ~NAPoH T g ~Ahcoon
2.24 2.25 2.26

Scheme 2.7. Synthesis of hydroxy-acid intermediate 2.26.
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In anticipation of the Wittig homologation (see Scheme 2.8), we had
envisioned a route involving protection of the acid with simultaneous hydrolysis of
the allylic acetate.’® We decided, however, to carry on with the acid 2.26, saving
thus two steps. Protection of the acid functionality as an ester proved indeed to
be unnecessary."®

Epoxidation of alcohol 2.26 was performed initially with a system
composed from commercially available oxone, acetone and water, but the
recovery of the product was difficult, and the yields were modest (52-64%). When
carried out with a freshly prepared 20 solution of dioxirane in acetone, the reaction
was completed in 30 minutes at room temperature to give pure epoxide 2.27
quantitatively, after removing the solvents and volatile byproducts under reduced

pressure.

(?>< o NMO,TPAP, CH,Cl,
HO ) HO molecular sieves,r.t.
2.26 100% 227
o Ph3P=CH-CHO, o
PhCHs, 4 °C Ox <AL
OMCOQH & N 7CO,H
2.28 90% 217
X
0~ “CysH
lyso-PC, DCC, DMAP, o o) o 157531
CHClg, r.t. X o
! 0s.0 ®
87% o) O/P\O/\/N(CHs)s
2.20

Scheme 2.8. Synthesis of trans-OETA-PC (2.20).
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Oxidation of the free alcohol in 2.27 with TPAP/NMO 2" proceeded in
excellent yield to afford the aldehyde 2.28 in sufficiently high purity after a simple
filtration through a short silica gel plug. The homologated aldehyde (+)-OETA
(2.17) was obtained in good yield from the aldehyde-epoxy-acid 2.28 by a Wittig
reaction at 4 °C when the reaction was allowed to proceed for 3 days.?” The
DMAP/DCC-promoted coupling of the acid 2.17 with commercially available lyso-
phosphatidilcholine (lyso-PC) gave the final product 2.20 in 87% vyield, after

reacting for 10 days at room temperature.

2.2.2. Production of trans-OETA-PC (2.20) in vitro from PL-PC (2.6).
To demonstrate that OETA-PC 2.20 can be produced by oxidation of unsaturated
phospholipids in vitro, PL-PC liposomes were oxidized under various reaction
conditions. In one experiment, the liposomes were irradiated with 350 nm UV
light in phosphate-buffered saline (PBS) at room temperature in the air.
In parallel experiments PL-PC liposomes were oxidized with copper (Il) or
peroxynitrate produced from a myeloperoxidase (MPO)-NO; -glucose/glucose
oxidase system.23 To minimize transition metal-induced oxidation, the buffer was
supplemented with a metal chelator, diethylenetriaminepentaacetic acid (DTPA).
The oxidation reaction mixture was sampled at various times. Catalase was
added to quench the reactions by removing hydroperoxides from the samples. To
prevent further autoxidation of the samples during processing and storage,

butylated hydroxytoluene (BHT) was also added. Lipids were extracted using a
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slightly modified Bligh and Dyer method® as described in the experimental part,
dried under a nitrogen stream at room temperature, stored under argon in the
dark at -80 °C until they were analyzed (usually not more than 24 h). The extracts
were analyzed by LC/ESI-MS/MS. Preliminary identification of product peaks
was achieved by comparing retention times with authentic samples. The
authentic sample of trans-OETA-PC (2.20), synthesized as described above, was
characterized by high-resolution mass spectrometry and multinuclear NMR.
Positive ion ESI-MS/MS analysis of the authentic lipid yielded both parent and
daughter ions that were used as the specific mass transition ion pairs in LC/ESI-
MS/MS analysis. A common daughter ion m/z184 was produced in all samples,
as found for all other phosphatidylcholines detected previously in our lab. The
retention time and the parent/daughter ion pair were collectively used to identify a
peak in the oxidation reaction product mixture chromatographs.

)

O "CysH3q
Ox X (0]

0...0

_ ®
o) \O/P\O/\/N(CHa)a

184.5

Figure 2.1. Mass spectrometric fragmentation of trans-OETA-PC (2.20).

Oxidized PL-PC liposomes from all three experiments produced the
expected oxidatively truncated OETA-PC (2.20) (Figure 2.2) in various yields. A
single peak with a retention time that is identical to the trans-OETA-PC (2.20)

standard (Figure 2.2 A) is present in the multiple reaction monitoring (MRM)
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chromatogram of PL-PC oxidation product mixtures (Figure 2.2 B) demonstrating

the generation of trans-OETA-PC (2.20) in these oxidation experiments.

100 5
A 17.13 7185'35; 2384 17.01 718.3>184
.08€

80 - 80 4

(0]

o
60 RPN NS

60

40 4 40 4

Relative Intensity (%)
Relative Intensity (%)

20 + 20 +

| - i Jil

o A Arrsnosodn

Figure 2.2. LC/ESI-MS/MS analysis of OETA-PC from oxidized PL-PC
liposomes. A. Synthetic trans-OETA-PC (2.20) standard (parent m/z 718.3),
MRM chromatogram (daughter m/z 184.5); B. trans-OETA-PC detected in

oxidized PL-PC liposomes, MRM chromatogram (718.3 — 184.5)

A solution of PL-PC (100 ng) in 50 yL of methanol was irradiated with 350
nm UV light and then chromatographed on a Prodigy ODS C18 column (150 x 2
mm. 5 um, Phenomenex, Torrance, CA) with a binary solvent gradient, starting
from 100% water for the first 5 min, then a linear change to 100% methanol in 15
min, 100% methanol hold for 20 min at a flow rate of 0.2 mL/min. All the mobile
phase solvents were supplied with 0.2% formic acid to enhance the MS signal.
Mass transitions of interest were monitored by a Micromass Quattro Ultima triple
quadruple mass spectrometer. A collision energy of 25 V, a cone voltage of 30 V,

and an electrospray capillary voltage of 30 kV were used.
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To further confirm the identity of the peaks detected, the product mixtures
of oxidation of PL-PC liposomes were treated with methoxylamine hydrochloride

to derivatize the aldehyde functional group.

747.9>184.5
[o}

o
80 -
/O\NWO/PC

60

100
A 17.25 747.9>184 B
100 o 1.12e5
80 4
17.17

60

40 4
40

. I ”

Relative Intensity (%)
Relative Intensity (%)
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Figure 2.3. LC/ESI-MS/MS analysis of OETA-PC derivatives. A. The methoxime
of OETA-PC standard (parent m/z 747.9), MRM chromatogram (daughter m/z
184); B. The methoxime of OETA-PC detected in derivatized oxidized PL-PC
liposomes, MRM chromatogram (747.9 — 184.5) C. The bis-methoxime of
OETA-PC standard (parent m/z 794.7), MRM chromatogram (daughter m/z 184);
D. The bis-methoxime of OETA-PC detected in derivatized oxidized PL-PC

liposomes, MRM chromatogram (794.7 — 184.5)
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Methoxime derivatization of a single aldehyde or ketone carbonyl results
in a net mass increase of 29Da. Methoxime derivatives of pure trans-OETA-PC
(2.20) were prepared to provide authentic samples for analyzing product mixtures
from PL-PC oxidation. Each derivative was purified using a C18 mini-column and
then analyzed by LC-MS in the positive ion mode. Methoxime derivatization of
the synthetic standard of trans-OETA-PC (2.20) resulted in the expected m/z
747.9, which correspond to a methoxime modification (29 Da) of the aldehyde
group of trans-OETA-PC (m/z 718.3) (Figure 2.3.A). In addition, an unexpected
bis-methoxylamine derivative (m/z 794.7) was produced, in which both the
aldehyde and the epoxy group of trans-OETA-PC 2.20 are modified by
methoxylamine (Figure 2.3 C).

Both derivatives display a common daughter ion m/z 184.5 (CsH1sNO4P,
see Appendix). The bis-methoxime derivative of OETA-PC is presumably
generated through opening of the epoxy functionality under the derivatization
conditions. Typical MRM chromatograms of oxidized PL-PC liposomes after
derivatization are presented in Figure 2.2. Before derivatization, no peaks
corresponding to derivatized standards were observed. After derivatization, new
peaks corresponding to derivatized standards appeared with a parallel loss of the
peak corresponding to trans-OETA-PC (2.20).

A plausible free radical-induced mechanism to account for generation of
the epoxy aldehydes 4,5-EDE (2.15)° and OETA (2.17)® is presented in Scheme
2.9. Exposure of linoleic acid (2.1), or similarly PL-PC, to oxidants generated in

the respiratory cascade initiates the process by a hydrogen atom abstraction
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from the bis-allylic position to generate a pentadienyl radical that, upon oxidation
with molecular oxygen, forms two hydroperoxy radicals (see Scheme 2.9). These
highly reactive species enter a propagation cycle by abstracting hydrogen from a
new molecule of linoleic acid (2.1) to give hydroperoxides 13-HPODE (2.2) and
9-HPODE (2.3). We propose that 2.2 and 2.3 can enter another oxidation cycle,
similar with the one just described, to generate the bis-hydroperoxides 2.29 and
2.30, respectively. These bis-hydroperoxides can undergo Hock
rearrangements?® of either one of their hydroperoxide (—OOH) groups. The
intermediates shown, 2.31 and 2.32, are those that give rise to the epoxides 2.15
and 2.17, respectively. Decomposition of the unstable enol-hemiacetal moiety in
these intermediates, in tandem with epoxide formation/water elimination would
result in 2.15 and 2.17, respectively. If the proposed mechanism is valid, the
other epoxides should also be generated from 2.29 and 2.30, respectively, via a
similar Hock rearrangement/ decomposition sequence starting from the other —
OOH groups (pathways not shown). Efforts to identify the bis-hydroperoxides in
vitro are currently underway in our laboratory.

There are other possible mechanisms by which the epoxide formation can
take place, especially in vivo where some memebers of the cytochrome P-450

enzyme group can catalyze the epoxidation of the fatty acids.?’?°
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Scheme 2.9. Possible mechanism for the formation of OETA (2.17).

2.2.3. Evolution profiles of OETA-PC from oxidation of PL-PC.

Quantification of trans-OETA-PC (2.20) in reaction product mixtures from
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oxidation of PL-PC was achieved by LC/ESI-MS/MS in the positive ion mode
using the MRM function. Appropriate [M+H]" and a common daughter ion m/z
184 were monitored. Calibration curves were produced using the synthetic
authentic sample of 2.20 and the commercially available PL-PC. Accurate
determination of the amounts of these phospholipids were determined by a
microphosphorous assay (see experimental part). Standard curves were
generated by incorporating a fixed amount of 1,2-dimyristoyll-sn-glycero-3-
phosphatidylethanolamine (DM-PE) as internal standard and various amounts of
the analyte, and plotting peak area ratio versus analyte mol ratio. Trace amounts
of trans-OETA-PC (2.20) were detected in the commercial PL-PC. The amounts
of trans-OETA-PC (2.20) detected in the commercial PL-PC were subtracted

from the values of the oxidation product.

100

—— MPO
—_— UV
80 A = Cu(ll)
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Figure 2.4. Consumption of PL-PC (2.6) under various oxidation conditions. Data

are the average of two sets of independent experiments.
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The consumption of PL-PC was greatest under UV light, but the yield of
trans-OETA-PC (2.20) was higher when the vesicles were oxidized with the

MPO-NO;"-glucose/glucose oxidase system.
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Figure 2.5. Evolution profile for production of OETA-PC (2.20) from aerial
oxidation of PL-PC liposomes promoted by Cu(ll), UV or MPO at 37 °C.
Quantification was achieved with LC/ESI-MS/MS. The yields were calculated by
dividing the amount of each analyte by the amount of starting PL-PC. Data are

the average of two sets of independent experiments.

The product evolution profiles for oxidation promoted by the MPO-NO, -
glucose/glucose oxidase system and UV are similar, rising steadily in the first two
hours and more slowly afterwards. The Cu(ll) oxidation resulted in a much lower
yield of trans-OETA-PC (2.20). This may be because Cu(ll) not only catalyzes
the oxidation of PL-PC (2.6) but also promotes further oxidation of trans-OETA-

PC (2.20) to other products, e.g., the corresponding carboxylic acid. Table 2.1
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shows the maximum yields for trans-OETA-PC (2.20) produced by different

oxidation methods.

Table 2.1 Observed maximum yields of OETA-PC from PL-PC oxidized under

various reactions conditions.

MPO uv Cu(ll)

Trans-OETA-PC 34 24 0.2
(%)

2.2.4. Quantification of trans-OETA-PC (2.20) in rat retina. Because
many reports indicated that light damage induces the peroxidation of
polyunsaturated fatty acids (PUFA) in retina, we expected that the peroxidation of
PL-PC, the PC ester of PL, in retina would produce OETA-PC (2.20) as found in
our in vitro experiments. Other oxidized phosphatidylcholines (oxPC), derived
from PL-PC, were identified previously in rat retina by Dr. Sun in our laboratory.*
In order to examine if OETA-PC (2.20) is present in intact retinas, retinas
harvested by Mary Rayborn, Dr. Xiarong Gu, and Jiayin Gu from albino rats were
analyzed by LC/ESI-MS/MS. The retinas from five rats were harvested. To
prevent contamination by blood, or in vitro oxidation, the retinas were rinsed with
a saline antioxidant cocktail (PBS, DTPA, and BHT). The retinas were
immediately homogenized manually in a plastic vial using a stainless steel pestle
coated with Teflon. Lipid extraction (see Experimental Procedures) using the

procedure of Bligh and Dyer®* was then performed immediately after

homogenization. The extracted lipids were analyzed by LC/ESI-MS/MS in the
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positive ion mode. After removing the solvents, the residue was redissolved in
chloroform:methanol (1:1) and 1/5 of the sample was injected into the LC-MS.
Trans-OETA-PC (2.20) and the standard DM-PE were monitored simultaneously
in an experiment performed by Dr. Bogdan Gugiu.31 Figure 2.6 B is the MRM
chromatogram showing the presence of trans-OETA-PC (2.20) in rat retina. The
retention time (17.1 min), parent ion and daughter ion were collectively used to
identify LC/ESI-MS/MS peak by comparison with the authentic standard (Figure
2.6.A) as described previously for the generation of trans-OETA-PC (2.20) by in

vitro oxidation of PL- PC.
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Figure 2.6. LC/ESI-MS/MS detection of OETA-PC (2.20) (718.3>184.5) from

rat retina. (A) Synthetic standard 2.20. (B) Rat retina extract.

Multiple peaks are present in the chromatogram of the rat retina sample. A

peak at 17.16 min has the same retention time and MRM as the authentic 2.20
(Figure 2.6.B). The other peaks in Figure 2.6B are unidentified PCs — because

they produce a 184.5 Da fragment — that are isomeric with OETA-PC. To further
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verify the structure of the HPLC peak presumed to be 2.20, the sample from the

rat retina was derivatized with methoxylamine hydrocloride (Figure 2.7).
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Figure 2.7. LC/ESI-MS/MS detection of OETA-PC derivatives (747.9>184.5 and
794.7>184.5) from rat retina. A. The methoxime of OETA-PC standard (parent
m/z 747.9), MRM chromatogram (daughter m/z 184); B. The methoxime of
OETA-PC detected in the derivatized rat retina, MRM chromatogram (747.9 —
184.5). C. The bis-methoxime of OETA-PC standard (parent m/z 794.7), MRM
chromatogram (daughter m/z 184); D. The bis-methoxime of OETA-PC detected

in the derivatized rat retina, MRM chromatogram (794.7 —184.5).
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Methoxime derivatization of a single aldehyde results in a net increase of
29 Da as already mentioned. The chromatogram of a monomethoxime derivative
of pure trans-OETA-PC 2.20, prepared as described in the previous paragraph,
is presented in Figure 2.7A. A peak in the chromatogram of the derivatized rat
retina extract exhibited the same retention time MRM as the derivatized standard
(Figure 2.7.B). Before derivatization no peaks corresponding to the derivatized
standard appeared. After derivatization new peaks appeared with a concomitant
disappearance of the peak of the trans-OETA-PC 2.20.

The absolute amounts of OETA-PC 2.20 detected in 5 rats are presented
in Table 2.2. The values were calculated employing the calibration curve and
extraction coefficient (determined by LC/ESI-MS/MS as described in the

experimental part). For details on statistical data analysis see the Appendix.

Table 2.2 Amounts of OETA-PC (2.20) in rat retina.

Animal OETA-PC (pmol) average*
0.27+0.01
0.42+0.32
0.47+0.30
0.20+0.03
0.30+0.08

a b~ W N -

The average amount of trans-OETA-PC (2.20) in rat retina, 0.33 pmol, is
relatively low, compared to oxPCs derived from DHA-PC, e.g., HOHA-PC (2.5
pmol) or KOHAPC (1.7 pmol). In part, this is because PL-PC is present in lower

amounts® than DHA-PC in the rat retina (see Table 2.3).
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Table 2.3. Amounts of some phospholipids detected in rat retina *°.

Phospholipid Absolute amount (nmol)
PA-PC 2.64+0.32
PL-PC 2.06+0.32

DHA-PC 7.0+0.24
HOHA-PC .0025+0.0023
KOHA-PC .0017+0.0012

2.2.5. Nucleotide etheno adduct formation by OETA-PC. These
experiments were performed by Dr. Seon Hwa Lee from University of
Pennsylvania

Reaction with dGuo. A solution of trans-OETA-PC (2.20) was added to
deoxyguanosine (dGuo) or deoxyadenosine (dAdo) in Chelex-treated phosphate
buffer and the mixture was incubated for 48 h at 60 °C. LC/APCI/MS analysis of
the reaction product mixture from dGuo after 48 h revealed the presence of one
major adduct together with residual dGuo. The dGuo adduct eluted at retention
time of 15.5 min in system 1 (Figure 2.8). Its APCI mass spectrum revealed an
intense MH* at m/z 292, together with a BH," ion at m/z 176. MS? analysis MH*
(m/z 292) resulted in a BH," product ion at m/z 176. These LC/MS characteristics
are identical to those for authentic1,N?-etheno-dGuo."

Reaction with dAdo. LC/APCI/MS analysis of the reaction mixture from
dAdo after 48 h using gradient system 1 revealed the presence of one dAdo
adduct (retention time: 21.0 min) together with residual dAdo at a retention time:
12.8 min (Figure 2.9). The LC/MS characteristics of this adduct were identical to

authentic 1,N%-etheno-dAdo."" Its mass spectrum exhibited an intense MH" at
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m/z 276, together with a BH," ion at m/z 160. MS? analysis of MH* m/z 276 gave

rise to exclusive formation of the BH," product ion at m/z 160.
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Figure 2.8. LC/APCI/MS analysis of reaction between trans-OETA-PC (2.20) and

dGuo at 60 °C for 48 h.
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Figure 2.9. LC/APCI/MS analysis of reaction between trans-OETA-PC (2.20) and

dAdo at 60 °C for 48 h.

Formation of Etheno-dGuo and Etheno-dAdo in Calf-Thymus DNA.
Calf-thymus DNA was treated with an approximately equimolar amount of trans-
OETA-PC (2.20). The DNA was then hydrolyzed with a mixture of DNAse |,
nuclease P1 and alkaline phosphatase in MOPS buffer. These hydrolysis
conditions were shown to give essentially quantitative recovery of normal DNA
bases. Modified DNA-bases were separated from normal bases using the SPE
procedure described in the Experimental section. Etheno-dGuo and etheno-dAdo
were detected in the DNA hydrolysate (Figure 2.10). Based on a 71 % recovery

through the extraction and hydrolysis procedure, the signals for etheno-dGuo and



47

etheno-dAdo corresponded to 3.5 and 5.5 adducts/10” normal bases,

respectively.
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Figure 2.10. LC/APCI/MS analysis of reaction between trans-OETA-PC (2.20)

and calf thymus DNA at 60 °C for 48 h.

My suggested mechanism that accounts for the reaction of OETA-

PC (2.20) with dAdo, or dGuo to give the unsubstituted etheno-dAdo

adduct 2.18 or etheno-dGuo adduct 2.19 (see Scheme 2.5) is presented in

Scheme 2.10 for the case of dGuo (2.35).
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Scheme 2.10. A suggested mechanism for formation of the etheno-adduct 2.19.

First, condensation of the aldehyde group of 2.20 with the amino group of
dGuo (2.35) generates the corresponding imine 2.36. Then a nitrogen adjacent to
the imine group of this intermediate, in the appropriate tautomeric form, opens
the allylic epoxide via a Sy, i.e., allylic inversion, attack on the a-carbon of the
imine to generate the allylic alcohol 2.38. The breakdown of intermediate 2.38 to
etheno-dGuo (2.19) involves a vinylogous retroaldol reaction that generates
etheno-dGuo adduct 2.19, the aldehyde 2.39, and acetylene. The energy
released owing to aromatization of the tricyclic purine-derived base in 2.19 and
the favorable entropy of this fragmentation reaction, i.e., decomposition of
intermediate 2.38 to three molecules, facilitate the cleavage of two C-C bonds,

albeit the yield is low."! The proposed pathway is in agreement with the finding
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that in a control experiment, 4,5-epoxy-2(E)-decenal, 2.15, is stable to the

reaction conditions in the absence of dGuo or dAdo."
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2.3. Conclusions

An efficient, practical total synthesis was accomplished for trans-OETA
(2.17) and trans-OETA-PC (2.20) starting from a commercially available,
inexpensive bromo-alcohol. This synthesis provides ready access to adequate
amounts of the pure lipids needed for further biological studies. The pure trans-
OETA-PC (2.20) served as a standard that enabled the identification of this
epoxyaldehyde in the oxidation product mixture from the linoleic acid ester of 2-
lysoPC (PA-PC) generated via three different methods: Cu (1), MPO and UV.
Trans-OETA-PC was also identified in vivo in the lipidic extract of the rat retina
and the amount of trans-OETA-PC in rat retina was quantified. In collaboration
with Dr. Blair's group from the University of Pennsylvania, trans-OETA-PC (2.20)
was shown to form mutagenic etheno-adducts with dAdo and dGuo, as well as

with the DNA.
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2.4. Experimental Part

2.4.1. Syntheses
General methods: "H NMR spectra were recorded on Varian Gemini
spectrometers operating at 200 or 300 MHz using CHCI3 (& 7.24 ppm) as internal
standard. All chemical shifts are reported in parts per million (ppm) on the d scale
relative to the solvent used. 'H NMR spectra are presented as follows: multiplicity
is given as (s, singlet; d, dublet; dd, doublet of doublets; t, triplet; g, quartet, gAB,
quartet AB, m, multiplet), coupling constants (Hz), number of protons. >*C NMR
spectra were recorded on Varian Gemini spectrometers operating at 50 MHz and
75 MHz using CDCl3 (6 77.0) as internal standard. Signal multiplicities were
established by DEPT experiments. High-resolution mass spectra were recorded
on a Kratos AEI MS25 RFA high-resolution mass spectrometer at 20 eV.

Thin layer chromatography (TLC) was performed on glass plates
precoated with silica gel (Kieselgel 60 Fs4, E. Merck, Darmstadt, Germany); R¢
values are quoted for plates of thickness 0.25 mm. The plates were visualized by
viewing the plates under short-wave length UV light or by exposure to iodine
vapor. Phospholipid spots were visualized using a molybdenum-based detection
spray.>? Flash chromathography was performed using Silica Gel 60A, 32-63 uM
from Sorbent Technologies, Atlanta, GA, USA or ICN SiliTech 32-63 D 60A from

ICN Biomedicals Gmbh Eschwege, Germany.
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2-(8-Bromo octyloxy)tetrahydropyran (2.23)

DHP, PPTS, CH,Cly
r.t.

/\/\/\/VOH /\/\/\/VOTHP
Br Br
2.22 98% 2.23

Pyridinium p-toluenesulfonate (PPTS, 217 mg, 0.86 mmol) was added to a
solution of the alcohol 2.22 (1942 mg, 8.67 mmol) and dihydropyran (DHP, 1.1 g,
13 mmol, freshly distilled) in dry methylene chloride (40.0 mL)."” The resulting
solution was stirred overnight at room temperature, then diluted and extracted
with ethyl acetate, washed with brine and dried on sodium sulphate. The solvent
was removed with a rotary evaporator. The crude product was purified by flash
chromatography on a silica gel column (10% ethyl acetate in hexanes) to afford
2.23 (2.5 g, 98%): TLC (8% ethyl acetate in hexanes) R;= 0.28. "H NMR (CDCls,
300 MHz): 6 4.55 (t, J = 3 Hz, 1H), 3.81-3.88 (m, 1H), 3.67-3.74 (it, J, =6 Hz, J;
=6 Hz, 1H), 3.51-3.32 (m, 2H), 1.30-1.87 (18H). ">*C-NMR (75 MHz, CDCl5):
98.92 (CH), 67.65 (CH>), 62.43 (CH), 34.06 (CHy), 32.84 (CH_), 30.83 (CHy),
29.74 (CHy), 29.30 (CHy), 28.74 (CHy), 28.15 (CHy), 26.18 (CHy), 25.54 (CHy),

19.76 (CHy).

11-(Tetrahydropyran-2-yloxy)undec-2-en-1-ol (2.21)

HOH,C—-C=CH
o~~~ AOTHP _LilNHg, THF, -78°C  HO A~~~
Br 94% S
(o]
2.23 2.21

OTHP

Liquid ammonia (33 mL) and iron(lll) nitrate (20 mg) were placed in a 100
mL three-necked flask equipped with a magnetic stirrer, dry ice/acetone-cooled

condenser and drying tube with potassium hydroxide for protection from
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moisture. To this mixture, lithium (200 mg, 28.8 mmol) was added in portions
allowing the blue color to dissipate between additions. Propargylic alcohol (1 mL,
17 mmol) in tetrahydrofuran (8 mL, freshly distilled) was added over 25 min and
the reaction mixture was then allowed to reflux for 100 min. 2-(8-Bromo octyloxy)
tetrahydropyran (2.23, 2.5 g, 8.5 mmol) in tetrahydrofuran (7 mL) was then
added over 35 min and the mixture was allowed to reflux for 135 min. Lithium
wire (50 mg, 7.2 mmol) was added resulting in a persistent blue color in the
mixture.'® After 30 min, sufficient ammonium chloride was added to dispel the
blue color. Most of the ammonia was evaporated under a stream of nitrogen and
the residue was poured onto ice (50 g). The resultant mixture was extracted with
diethyl ether (3 x 30 mL), and then ethyl acetate (2 x 50 mL). The combined
organic extract was dried and concentrated by rotary evaporation to give a
residue that was purified by flash chromatography on a silica gel column with
25% ethyl acetate in hexanes to afford compound 2.21 (2.1g, 91%): TLC (ethyl
acetate/hexanes 1:4) Ry = 0.3; "H NMR (300MHz, CDCls) & 5.55-5.72 (m, 2H),
4.55 (t, J = 3 Hz, 1H), 3.81-3.88 (m, 1H), 3.67-3.74 (tt, J; = 6 Hz, J,=6 Hz, 1H),
3.51-3.32 (m, 2H), 1.98-2.04 (m, 2H), 1.30-1.87 (18H). ">*C-NMR (75 MHz,
CDCls): 133.52 (CH), 128.9 (CH), 98.89 (CH), 67.71 (CH.), 63.86(CHy), 62.39
(CHy), 32.22 (CHy), 30.82 (CHy), 29.77 (CHy), 29.43 (CHy), 29.12 (CHy), 26.24

(CHy), 25.54 (CHa), 19.74 (CHy).
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Acetic acid, 11-(tetrahydropyran-2-yloxy)undec-2-enyl ester (2.24)

Acy0,py,r.t.

AcO
O~ botHP —g5%; ~XbotHp

221 2.24

A solution of acetic anhydride from a newly opened bottle (~1.3 g, 12.4
mmol) in pyridine (5 mL, freshly distilled) was cooled in an ice bath. A solution of
2.21 (2.2 g, 8 mmol) in pyridine (4 mL, freshly distilled) was added in one portion
and the mixture was stirred for 3 h at 0 ‘C, and then for 3 more hours while being
warmed to room temperature.’ It was then poured onto a mixture of ice (30 g)
and hexanes (20 mL), shaken, and then the layers were separated. The aqueous
layer was extracted with hexanes (3 x 10 mL). The combined organic layers were
washed with water and brine and then dried over Na,SO,4. The sample was
concentrated by rotary evaporation to give a residue that was purified by flash
chromatography on a silica gel column with 12% ethyl acetate in hexanes to
afford compound 2.24 (2.37 g, 95%): TLC (ethyl acetate/hexanes 1:9) Ri= 0.32;
'H NMR (300MHz, CDCl3)  5.48-5.57 (m, 1H), 5.69-5.79 (m, 1H), 4.55 (t, J =3
Hz, 1H), 3.81-3.88 (m, 1H), 3.67-3.74 (tt, J; = 6 Hz, J,= 6 Hz, 1H), 3.51-3.32 (m,

2H), 2.00 (s, 3H), 1.98-2.04 (m, 2H), 1.30-1.87 (18H).
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Acetic acid, 11-hydroxyundec-2-enyl ester (2.25)

PPTS,EtOH
50 °C
ACO B oTHP 96% PO thon
224 2.25

A solution of THP ether 2.24 (2.3 g, 7.5 mmol) and pyridinium p-
toluenesulfonate (PPTS, 237 mg, 0.75 mmol) in absolute ethanol (12.5 mL,
freshly distilled over CaH,) was heated for 6 h at 50 ‘C. The sample was
concentrated by rotary evaporation and the residue was taken up in ethyl acetate
(10 mL) to give a milky suspension that was transferred to a separatory
funnel.’® The reaction flask was rinsed with water (5 mL) and ethyl acetate (5
mL), and then the washes were added to the separatory funnel and shaken to
give two clear phases that were separated. The organic layer was washed with
water (3 mL), 1% NaHCO;3; (3 mL), and brine and then dried on Na;SO4. The
solvent was removed with a rotary evaporator and the residue was purified by
flash chromatography on a silica gel column with 30% ethyl acetate in hexanes to
afford compound 2.25 (1.64 g, 96%): TLC (ethyl acetate/hexanes 3:7) R; = 0.37;
'H NMR (300MHz, CDCl3)  5.48-5.58 (m, 1H), 5.69-5.79 (m, 1H), 4.48 (d, J = 6

Hz, 2H), 3.58-3.64 (m, 2H), 2.03 (s, 3H), 1.98-2.04 (m, 2H), 1.23-1.56 (14H).
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11-Hydroxyundec-9-enoic acid (2.26)

1.CrO3, H,SOy4, acetone
2. HCI

AcO
~ X BoH 86% HO\/\/HTCOOH

2.25 2.26

A 250 mL round-bottom flask was charged with Jones reagent (8 mL, 2.67
M NayCr;07 in 4 M H,SO4) and acetone (40 mL). A solution of 2.25 (1.2 g, 5.2
mmol) in acetone (40 mL) was added dropwise at 0 ‘C from a funnel over 2 h.
The color changed from orange to dark-brown. The mixture was stirred at room
temperature for 4 additional h, and then the solution was decanted from the
orange residue. The residue was dissolved in water (30 mL) and the color
changed to green-blue. This was extracted with ethyl acetate (3 x 10 mL). The
organic extracts were added to the decanted solution. Solvents were then
removed by rotary evaporation to give a brown residue. This was dissolved in
water (30 mL) and extracted with ethyl acetate (3 x 20 mL). The organic solution
was washed with water (20 mL) to remove residual chromium species'® and then
extracted with 10% NaOH (20 mL). The aqueous phase was acidified with 6 M
HCI to pH 1 and then extracted with ethyl acetate (4 x 10 mL). The combined
organic extracts were washed with water (10 mL) and brine (10 mL) and then
dried on Na,SO4. The yellow-green color of the organic phase gradually fades to
become colorless. The solvent was removed with a rotary evaporator and the
white fluffy solid residue was purified by flash chromatography on a silica gel
column with 70% ethyl acetate in hexanes to afford compound 2.26 (1.04 g,

86%): TLC (ethyl acetate/hexanes 1:1) R;i= 0.28; 'H NMR (300MHz, CDCls) &
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5.55-5.72 (m, 2H), 4.06 (d, J = 3 Hz, 2H), 2.32 (t, J = 6 Hz, 2H), 2.0-2.03 (m, 2H),
1.58-1.63 (m, 2H), 1.21-1.35 (8H).

8-(3-Hydroxymethyl oxiran-2-yl)octanoic acid (2.27)

H,0,NaHCOj,acetone
KHSOs5, <10 °C

H H
O ~Prcoon 100% O > rcooH

@)
2.26 2.27

A solution of dioxirane in acetone® (8.8 mL, 60mM), was added dropwise
to a solution of 2.26 (120 mg, 0.6 mmol) in chloroform (4 mL) at room
temperature. The resulting mixture was stirred for an additional 15 min at room
temperature. The solvents were removed by rotary evaporation. The desired
compound 2.27 was obtained in quantitative yield. '"H-NMR (300 MHz, CDCl3,): &
3.91-3.56 (2H), 2.96-2.89 (m, 2H), 2.32 (t, 2H, J = 7.3 Hz), 1.63-1.31 (12H). *C-
NMR (75 MHz, CDCls3): 179.3 (C), 61.6(CH>), 58.98(CH), 56.39(CH), 34.00
(CHy), 31.45(CHy), 29.11(CH>), 29.08(CH>), 28.90(CHy), 25.83(CH>), 24.63
(CH2). HRMS (FAB): m/z calculated for C11H2004
[(M-H)'] 217.1440 found 217.1445.

8-(3-Formyl oxiran-2-yl)octanoic acid (2.28)

TPAP, NMO,CH,CI,
molecular sieves,r.t.

H Ox

)
2.27 2.28

The alcohol 2.27 (130 mg, 0.6 mmol) was dissolved in dichloromethane
(60 mL, freshly distilled) containing 4-A molecular sieves and 4-methylmorpholine

N-oxide (NMO, 105 mg, 0.9 mmol). Solid tetrapropylammonium perruthenate
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(TPAP, 32 mg, 0.091mmol, 0.15 equiv.) was then added under argon ?', and the
resulting green mixture stirred at room temperature for 2 h, until TLC analysis
showed the complete disappearance of the starting material and the appearance
of a new spot (R;= 0.26) with 40% ethyl acetate in hexanes. The molecular
sieves were washed with 4 times the initial volume of the ethyl acetate to recover
the entire product. The solution was filtered through a 1 cm layer of silica gel on a
60 mL separatory funnel. The solvent was removed by rotary evaporation to
afford the product 2.28 (123 mg, 96% vyield) in high purity. "H-NMR(75 MHz,
CDCls,): 6 8.99 (d, 1H, J =6.2), 3.20 (dt, 1H, J = 6.9, J =1.9), 3.11 (dd, 1H, J
=6.3, J =1.9), 2.33 (t, 2H, J = 7.4), 1.63-1.31 (12H). ®*C-NMR (300 MHz, CDCl):
198.56 (CH), 179.83 (C), 59.17 (CH), 56.79 (CH), 33.97 (CHy), 31.19 (CHy),
29.04 (CHy), 29.01 (CHy), 28.87 (CHy>), 25.73 (CHy), 24.59 (CH,). HRMS (FAB):
m/z calculated for C11H1904 [(M-H)"] 215.1283, found 215.1292.

8-[3-(3-Oxo-propenyl)oxiran-2-ylJoctanoic acid (2.17)

PhsP=CH-CHO,
Os. PhCHa,4 °C Ose
H XX T>rcoon
v(')>/H7COO 90% o)
2.28 2.17

To a stirred suspension of formylmethylenetriphenylphosphorane (150mg,
0.495 mmol)? in 4 mL of dry toluene at 0 °C, the aldehyde 2.28 (70 mg, 0.327
mmol) was added. The resulting mixture was stirred for 3 days at the 4 "C under
argon. The solvent was removed under reduced pressure. The residue was
extracted with ethyl acetate (4 x 5 mL). The aqueous phase was acidified with 2
M HCI to pH 4 and then extracted with ethyl acetate (4 x 10 mL). The combined

organic extracts were washed with water (10 mL) and brine (10 mL) and then
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dried on Na,SO4. The sample was concentrated by rotary evaporation to give a
residue that was purified by flash chromatography on a silica gel column with
75% ethyl acetate in hexanes to afford compound 2.17 (70 mg, 90%): TLC (ethyl
acetate/hexanes 1:1) Ry= 0.3. 'H-NMR(300 MHz, CDCls,): § 9.53 (d, 1H, J = 7.6),
6.52 (dd, 1H,J=15.8,J=6.8) 6.35 (dd, 1H,J=15.8,3=7.4) 3.29 (dd, 1H, J =
6.9,J=1.9),2.92(dt, 1H,J=5.6,3=1.9), 2.33 (t, 2H, J = 7.4), 1.63-1.31 (12H).
®C-NMR (75 MHz, CDCls): 192.64 (CH), 179.83 (C), 153.12 (CH), 133.57 (CH),
61.91 (CH), 56.21 (CH), 33.90 (CHy), 31.87 (CH2), 29.09 (CHy), 28.90 (CHy>),
28.87 (CHy), 25.73 (CHy), 24.59 (CH3). HRMS (FAB): m/z calculated for
C13H2104 [(M-H)"] 241.1440, found 241.1447.
1-Palmitoyl-2-(13-0x0-9,10-trans-epoxyoctadeca-11-enoyl)-sn-

glycero-3-phosphatidylcholine (trans-OETA-PC) (2.20)

0
lyso-PC,DCC,DMAP, )J\
Os CHCl, rt. Q" CisHas
WCOOH B Ov\/yyﬁﬁ(o
° o) 0.0 ®
2.17 o O/\P\O/\/N(CHa)a

2.20

A mixture of the acid 2.17 (9 mg, 0.037 mmol) and 2-lyso
phosphatidylcholine (lyso-PC, 9.2 mg, 0.018 mmol) was dried overnight on a
vacuum pump (0.1 mm Hg) equipped with a dry ice-acetone trap, at room
temperature, and then was dissolved in dry CHCI3 (1 mL, shaken with P,O5 for
0.5 h and distilled). Dicyclohexylcarbodiimide (DCC, 18.5 mg, 0.09 mmol) and
N,N-dimethylaminopyridine (DMAP, 2.2 mg, 0.018 mmol) were added. The
mixture was stirred for 10 days under argon. The mixture was then concentrated

on a rotary evaporator and the residue was purified by flash chromatography on
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a silica gel column with CHCI/MeOH/H,0 (16/9/1, TLC: R; = 0.27) to produce
the phospholipid, OETA-PC (2.20). "H-NMR(300 MHz, CDCls,): § 9.53 (d, J = 7.6,
1H), 6.52 (dd, J = 15.8, J = 6.8, 1H) 6.35 (dd, J = 15.8, J = 7.4, 1H), 5.17 (m, 1H),
4.29-4.40 (m, 2H), 3.80-4.12 (m, 4H), 3.35 (s, 9H), 3.29 (dd, J = 6.9, J = 1.9, 1H),
2.92 (dt, J=5.6,J = 1.9, 1H), 2.33 (t, J = 7.4, 2H), 1.22-1.61 (42H), 0.85 (1,
J=6,3H). *C-NMR (300 MHz, CDCl3): 192.64 (CH), 179.83 (C), 153.12 (CH),
133.57 (CH), 61.91 (CH), 56.21 (CH), 33.90 (CHy), 31.87 (CH), 29.09 (CH,),
28.90 (CH,), 28.87 (CH.), 25.73 (CHy), 24.59 (CH,). HRMS (FAB): m/z

calculated for Cs7HesNO1oP [(M-H)*] 718.4660, found 718.4664.

2.4.2. Oxidative generation of OETA-PC from PL-PC

Materials. 1-Palmitoyl-2-linoleyl- sn-glycero-3-phosphatidylcholine (PL-
PC), and 1,2-dimyristoyl-sn-glycero-phosphatidyl-3-ethanoalmine (DM-PE) were
obtained from Avanti Polar Lipids (Alabaster, AL) and MPO was supplied by
Calbiochem (La Jolla, CA). Dry pyridine and chloroform were supplied by
ACROS (New Jersey, USA).

Microphosphorus assay. The amount of synthetic lipid was calibrated
with a standard microphosphorus assay,33 that was modified to measure
phospholipids at the level of 1 to 2 ug of phospholipids. A known amount of lipid
was digested with 0.2 mL of perchloric acid (72%) in a glass 5 mL disposable cell
culture tube, that is heated to boiling by a Reacti-Therm Ill heating module
(Pierce, Rockford, IL) for 4 min. A yellow color appeared and then disappeared

during the process. Water (2.1 mL), 5% aqueous ammonium molybdate (0.1 mL)
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and 0.1 mL of aqueous amidol reagent containing 1% amidol (2,4-diaminophenol
dihydrochloride) and sodium bisulfite (20%) were sequentially added to the tube,
that was then votexed after the addition. The tube was covered with a beaker,
and heated in a boiling water bath for 7 min. Then the tube was cooled, and the
absorbance of the stable blue color was measured with a UV-vis spectrometer at
830 nm in a 1 cm cuvette after 15 min. A standard calibration curve (Figure 2.11)
was obtained using O yg P, 0.5 ygP, 1 pugP,2ugP,3 ugP,4 ugP, 5 ug P
obtained from a stock solution of KH,PO4 (2 ug P/mL).

0.4

0.3 §

y = 0.0787x
R? = 0.9989

absorbance
o
N

IS

ug P

Figure 2.11. Calibration curve for microphosphorus assay.

Lipid oxidation. The dry lipids, PL-PC (1mg) were hydrated at 37 °C for 1
h in phosphate buffer (1 mL) supplemented with DTPA to minimize transition
metal-induced autoxidation. Then the hydrated PL-PC was made into unilamellar
vesicles by extrusion using an Avanti Mini-Extruder (Avanti Polar Lipids, Inc). For
the Cu (ll) oxidation, 10 ul of a solution of 500 uM CuCl, was added to 1.99 mL of
vesicles. For the UV-induced oxidation, the vesicles (2 mL) were kept in a quartz
tube placed in the center of a Rayonet photochemical reactor with three 80 watt

low pressure mercury UV (350 nm) Rayonet lamps (Southern New England
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Ultraviolet, Midtown, CT). The temperature was maintained at about 28 °C. The
MPO oxidation was performed with the MPO-NO; -glucose/glucose oxidase
system.? Sampling (200 pL) was performed at various times, and the reaction
was stopped by adding BHT (2 uL, 40 uM), and catalase (7 pL, 300 pM).% For
quantification purposes, the lipid extraction was performed immediately using a
slightly modified Bligh and Dyer method® and the samples were dried in a
stream of nitrogen at room temperature. The dried samples were stored in vials
sealed under argon at -80 °C.

LC/ESI-MS/MS analysis. A standard curve was generated by
incorporating a fixed amount of internal standard (1,2-myristoyl-sn-glycero-3-
phosphatidylethanolamine, DM-PE), and varying the levels of the analyte, and
plotting peak area ratio versus analyte mol ratio for each sample. LC-MS analysis
of oxidized lipids was performed on a Quattro Ultima mass spectrometer
(Micromass, Wythenshawe, UK) equipped with an electrospray ionization (ESI)
probe interfaced with a Waters 2790 (Waters, Milford, MA) HPLC system. OETA-
PC (50 pg, determined by aliquoting a solution of a known concentration, see
microphosphorous assay for determining the absolute amount of lipid) was
dissolved in 1 mL of chloroform/methanol (1:1). The solution (100 yL) was diluted
with 400 yL of chloroform/methanol (1:1). To this solution (50 pL) the DM-PE
standard (50 pL, 5-15 ng) was added and the mixture was chromatographed on a
Prodigy ODS C18 column (150 x 2 mm, 5 ym, Phenomenex, Torrance, CA.) with
a binary solvent gradient, starting from 50% water in methanol with a linear

gradient to 100% methanol over 10 min, and then 100% methanol for 20 min at a
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flow rate of 0.2 mL/min. All the mobile phase solvents contained 0.2% formic acid
to enhance the MS signal. The total ion current was obtained in the mass range
of m/z 200 — 1000 at 30V of cone energy in the positive ion mode. Three kV was
applied to the electrospray capillary. All compounds were monitored in the
positive ion mode (ES+) for the parent ion and the major daughter ion, previously
determined by direct injection using ESI. The optimal collision energy determined
to obtain the most intense daughters was 20 eV. In Table 2.3 are given the
calibration equation for OETA-PC and PL-PC, as well as the extraction
efficiencies determined as follows. Liposomes containing 10 ug of OETA-PC and
the corresponding precursors (PL-PC), and 130 ug (50% of the total lipid content
of liposomes) of DP-PC were prepared as described previously (vide infra). After
Bligh and Dyer extraction, the amounts recovered were determined by LC-MS
relative to DM-PE added prior to analysis and compared to a mixture composed
of 10 ug from the OETA-PC and precursors and the same amount of DM-PE.
Extraction efficiency for OETA-PC is 37.6 £ 6.7%.

Derivatization of phospholipids. Methoxime derivatives of lipids were
prepared by suspending the lipid (50 pg), dried in a stream of nitrogen, in 200 yL
of freshly dried pyridine with 10% methoxylamine hydrochloride. The reaction
mixture was incubated for 2 h at room temperature. Solvents and volatile by-
products were removed under a nitrogen stream, and residues were
resuspended in chloroform:methanol (1:1). Nonlipid components were removed
by passing the solution through a C18 cartridge (Superclean LC-18 S-PE tubes,

3 mL, Supeclo Inc., Bellefonte, PA), as follows. The reaction mixture dissolved in
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50% methanol (1 mL) was loaded onto an S-PE cartridge, which was previously
equilibrated by passing 10 mL of water. Then, the column was eluted with a
gradient of water and methanol: 50% methanol (10 mL), 60% methanol (5 mL),
75% methanol (5 mL), 90% methanol (10 mL), and then pure methanol. The
derivatized lipids eluted with 90% - 100% methanol. Lipids were dried again
under a nitrogen stream. Derivatives of standard were characterized by ESI-
MS/MS, and chromatographed on a Prodigy ODS C18 column (150 x 2 mm, 5
pMm, Phenomenex, Torrance, CA) using the same HPLC conditions described
above for oxidized lipids. The eluate was introduced into an LC/ESI-MS/MS
operated in the positive ion mode. The analytes were detected by multiple
reaction monitoring (MRM). Mass transitions, m/z 747.9 — 184.5 and m/z 794.7
— 184.5 for OETA-PC methoxime derivatives were monitored.

2.4.3. Detection and quantification of OETA-PC in rat retina

Extraction of phospholipids from retina. Rat retinas were harvested
from 5 normal albino rats by Mary Rayborn and Dr. Gu.To prevent contamination
by blood, or in vitro oxidation, the retinas were rinsed with saline antioxidant
cocktail (saline PBS pH 7.4, containing 40 uM DTPA, and 4 nM BHT). The
retinas were immediately homogenized manually in a plastic vial using a
stainless steel pestle coated with Teflon, and lipid extraction was then performed
immediately after homogenization using the method of Bligh and Dyer.?* The
extract was dried under a stream of nitrogen and sealed under argon and kept at

—80 °C for 24 h before being analyzed by LC-MS.
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Quantitative analysis of phospholipids. Lipid extracts were redissolved
in HPLC grade solvents (methanol, 50%, chloroform, 50%) and used for analysis.
LC/ESI-MS/MS analyses of the extracts were performed on a Quattro Ultima
mass spectrometer (Micromass, Wythenshawe, UK) equipped with an
electrospray ionization (ESI) probe interfaced with a Waters 2790 (Waters,
Milford, MA) HPLC system. Separation of lipids was achieved on a Prodigy ODS
C18 column (150 x 2 mm, 5 ym, Phenomenex, Torrance, CA) at a flow rate of
0.2 mL/min. The same solvent gradient was adopted for qualitative analysis.
Mass spectrometric analysis was performed online using ESI tandem mass
spectrometry in the positive multiple reaction monitoring (MRM) mode (cone
energy 30 V/collision energy 20 eV). The MRM transitions used to detect the
oxidized phospholipid were the mass to charge ratio (m/z) for the molecular
cation [M+H]" and their respective daughter ion. Mass transitions, m/z 718.3—
184.5 for OETA-PC, m/z 759.1 — 184 for PL-PC, were monitored
simultaneously. Calibration curve for quantitative analysis of OETA-PC and PL-
PC was constructed by adding a fixed amount of internal standard (DM-PE) into
various amounts of authentic samples. The chromatograms and calibration
curves are presented in Figures 2.12 and 2.13 (vide infra). Equations describing
the calibration curves are presented in Table 2.3 (vide infra). Although we did
not have the authentic standard, we also monitored theoretical ion pairs
parent/daughter for the corresponding acid of OETA-PC, i.e., in which the

carboxaldehyde has been oxidized to a carboxyl group: m/z 734.5 — 184. When
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standard become available, these data can be used to provide identification and

quantification of the acid.

Calculation of OETA-PC levels in rat retina: na = y/(ng)(a)(EE); na =
mole analyte, y = peak area ratio, a = from calibration curves (y = ax), ngt = moles

of internal standard used, EE = extraction efficiency (from Table 2.3)

Table 2.4 Calibration equations, detection limits and extraction efficiency

Compound Calibration Equation Detection Extraction
Limit (fmol) efficiency

OETA-PC | y=2.1835x (R?*=0.9993) 9 37.616.7

PL-PC | y=0.920x (R*=0.9913) 2 58.8+1.6
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Figure 2.12. Chromatogram and calibration curve for synthetic trans-OETA-PC
(2.20) 1,2-myristoyl-sn-glycero-3-phosphatidylethanolamine, (DM-PE) was used

as an internal standard.
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PLPC-DMPE
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Figure 2.13. Chromatogram and calibration curve for PL-PC 1,2-myristoyl-sn-

glycero-3-phosphatidylethanolamine, (DM-PE) was used as an internal standard.

2.4.4. Reaction of OETA-PC with dAdo, dGuo, and calf thymus DNA

Generation and detection of etheno adducts. These experiments were
performed by Dr. Seon Hwa Lee from University of Pennsylvania.

Materials. Ammonium acetate, 2’-deoxyguanosine (dGuo), and 2’-
deoxyadenosine (dAdo) were purchased from Sigma-Aldrich. (St. Louis, MO).
Supelclean LC-18 solid-phase extraction (SPE) column was from Supelco
(Bellefonte, PA). Chelex-100 chelating ion exchange resin (100-200 mesh size)

was from Bio-Red Laboratories (Hercules, CA). HPLC grade water and
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acetonitrile were obtained from Fisher Scientific Co. (Fair Lawn, NJ). ACS grade
ethanol was obtained from Pharmco (Brookfield, CT). Gases were supplied by
BOC Gases (Lebanon, NJ).

Liquid chromatography. Chromatography for LC/MS/UV experiments
was performed using a Waters Alliance 2690 HPLC system (Waters Corp.,
Milford, MA) and a Hitachi L-4200 UV detector at 231 nm. Gradient system 1
consisted of a Synergi Polar RP column (250 x 4.6 mm i.d., 4 um; Phenomenex,
Torrance, CA) at a flow rate of 1 mL/min. Solvent A was 5 mM ammonium
acetate in water, and solvent B was 5 mM ammonium acetate in acetonitrile. The
linear gradient was as follows: 6 % B at 0 min, 6 % B at 2 min, 10% B at 15 min,
80% B at 25 min, 80 % B at 35 min, 6 % B at 37 min, 6 % B at 45 min.
Separations were performed at room temperature.

Mass spectrometry. Mass spectrometry was conducted using a Thermo
Finnigan LCQ ion trap mass spectrometer (Thermo Finnigan, San Jose, CA)
equipped with an APCI source in the positive ion mode. The LCQ operating
conditions were as follows: vaporizer temperature at 450 ‘C, heated capillary
temperature at 150 'C, with a discharge current of 5 uA applied to the corona
needle. Nitrogen was used as the sheath (80 psi) and auxiliary (5 arbitrary units)
gas to assist with nebulization. Full scanning analyses were performed in the
range of m/z 100 to m/z 800. Collision-induced dissociation (CID) experiments
coupled with multiple tandem mass spectrometry (MS") employed helium as the

collision gas. The relative collision energy was set at 20 % of the maximum (1 V).
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Reaction of OETA-PC with DNA bases. A solution of OEPA-PC (2.20)
(1.44 mqg, 2 umol) in ethanol (36 uL) was added to dGuo (2.67 mg, 10 umol) or
dAdo (2.52 mg, 10 umol) in Chelex-treated 100 mM phosphate buffer (pH 7.4,
314 uL). After sonication for 15 min, the reaction mixture was incubated at 60 'C
for 48 h. The samples were filtered through a 0.2 um Costar cartridge prior to
analysis of a portion of the sample (20 uL) by LC/MS using gradient system 1.

Preparation of OETA-PC-modified calf thymus DNA. Calf thymus DNA
(500 pg, 1.68 umol) was dissolved in 100 mM phosphate buffer (pH 7.4, 314 ulL)
and treated with OETA-PC (2.20) (1.44 mg, 2 umol) in ethanol (36 uL). After
sonication for 15 min, the reaction mixture was incubated at 60 "C for 48 h.
Samples were placed on ice for 30 min, the DNA was precipitated by adding ice-
cold ethanol (1050 uL) followed by ice-cold 2.9 M sodium acetate (35 uL). The
samples were centrifuged at 4,000 x g for 15 min and the supernatant was
removed. The DNA pellet was washed with ethanol/water (1 mL, 7:3 v/v) and
residual solvent was removed by evaporation under nitrogen.

Enzymatic hydrolysis of OETA-PC-modified calf thymus DNA. The
modified DNA pellet was dissolved in 1 mL of 10 mM MOPS containing 100 mM
NaCl (pH 7.0) by sonication for 5 min. DNAse | (556 units) dissolved in 200 uL of
10 mM MOPS containing 120 mM MgCl; (pH 7.0) was added and the sample
was incubated for 90 min at 37 "C. At the end of this incubation, 50 uL of 10 mM
MOPS containing 100 mM NaCl (pH 7.0) and 15.5 units of nuclease P1 was

added followed by 25 mM ZnCl, (50 uL). The incubation was then continued for
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2hat37 C. Finally, 30 units of alkaline phosphatase in 0.5 mL of 0.4 M MOPS
(pH 7.8) was added and this was followed by an additional 1-h incubation.
Isolation of DNA adducts from modified calf thymus DNA. The
hydrolysate was applied directly to a solid phase extraction (SPE) cartridge (1 g,
6 mL, Supelclean LC-18, Supelco, Bellefonte, PA) that had been pre-washed
with acetonitrile (15 mL) followed by water (15 mL). The cartridge was washed
with water (4 mL) and methanol/water (1 mL; 5:95, v/v). Etheno-dGuo and
etheno-dAdo were eluted in acetonitrile/water (6 mL; 50:50, v/v). The elutes were

evaporated to dryness under nitrogen and dissolved in water (100 pL). LC/MS

analysis was conducted on a 20 uL aliquot of this solution using gradient system

1.
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3.1. Background

Lipid oxidation is important to normal physiological processes, such as the
enzyme-promoted biosynthesis of prostaglandins, thromboxanes, and
prostacyclins. It may be recruited in the immune response (oxidative burst) or
programmed cell death (apoptosis), and contributes to changes associated with
aging."? It is also involved in pathological processes such as the ischemia-
reperfusion injury associated with heart attacks and stroke,>* atherosclerosis,*®
Alzheimer's disease,”® and may contribute to Parkinson's disease,’ diabetes,
as well as amyotrophic lateral sclerosis.'" Involvement of oxidized phospholipids
is suspected in the pathogenesis of several chronic inflammatory diseases such

13,14

as antiphospholipid antibody syndrome,'? rheumatoid arthritis, inflammatory

bowel disease,'® and multiple sclerosis.'®

Lipid peroxidation is a complex process in which molecular oxygen and
lipids react by a free radical chain process.'"'® Oxygen free radical species are
known to be generated by a variety of enzymatic as well as nonenzymatic
reactions. The nonspecific autoxidation of polyunsaturated fatty acids (PUFAs)
leads to formation of a large number of reactive products.

3.1.1. Hydroperoxydienes are primary oxidation products. Linoleic
acid (LA, 3.1) is the most abundant PUFA in mammals. It is also the simplest and
most widely studied PUFA. Therefore, LA (3.1) is commonly used to study and

demonstrate the mechanisms of lipid peroxidation. Two linoleic acid

hydroperoxides (LOOHSs), 9-hydroperoxy-10,12-octadienoic acid (9-HPODE, 3.3)
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and 13-hydroperoxy-9,11-octadecadienoic acid (13-HPODE, 3.2) generally are

believed to be the primary lipid peroxidation products from LA (Scheme 3.1).19

H H
HOOC(CHp)7« X ___CsH
LA (3.1) l
H
HOOC(CHa)7 > CsH1
HOOC(CHa)7 A HOOC(H,C) A Ot
X CsH11 2=
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Scheme 3.1. Generation of hydroxy acids from linoleic acid (LA) through

hydroperoxy acid intermediates.

Two types of important free radicals, alkoxy radicals (LO+) and peroxy

radicals (LOO¢) are generated by cleavage of LOOH. These reactive free



78

radicals initiate the degradation of LOOH via a free radical pathway to generate
various lipid oxidation products.

Besides autoxidation, hydroperoxides can also be generated by the action
of lipoxygenases. Hydroperoxyacids are reduced to hydroxyacids in vivo by
selenium-containing enzymes, such as glutathione peroxidase.?>%' 9-HPODE

(3.2) or 13-HPODE (3.3) can produce alkoxy radicals, especially in the presence

of redox active metal ions, e.g., FeZ+, and most of these radicals are converted
quickly to corresponding alcohols by hydrogen atom abstraction (Scheme 3.1).
Hydroperoxy acids 3.4 and 3.5 are thought to be the precursors for y-
hydroxyalkenals. The hydroxy acids were considered to be stable end products,
which may serve as markers in clinical research.?? However, recent studies by
the Salomon group revealed that, in the presence of initiators of free radical
oxidation, the hydroxy acids 3.4 and 3.5 undergo oxidative fragmentation to y-
hydroxyalkenals® as readily as the hydroperoxy acids 3.2 and 3.3.
3.1.2. Oxidative fragmentation generates aldehydes. Lipid peroxidation in
biological systems generates aldehydic compounds, e.g., the formation of 9-
oxononanoic acid (ONA) from LA.?* Among the aldehydic compounds found, a,B-
unsaturated aldehydes are a significant class from lipid peroxidation.e.g., the
formation of 9-hydroxy-12-oxododec-10-enoic acid (HODA) and 4-hydroxy-2-
nonenal (HNE) from LA. These a,B-unsaturated aldehydes are often cytotoxic,
genotoxic and mutagenic.

Considerably increased levels of HNE and several other a,B-unsaturated

aldehydes are found in plasma and various organs under conditions of oxidative
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stress.?* Since these compounds are chemically reactive and capable, without
prior metabolism, of covalently binding to cellular nucleophilic groups, such as
proteins and DNA%?, the potential for being toxic and capable of modifying
cellular processes is inherently present in every member of this class.?”?® For
example, HNE has been intensively studied for decades from the perspective of
lipid peroxidation mechanisms and with respect to its biological importance.
Substantial evidence suggests that modification of proteins by HNE is involved in
the pathogenesis of atherosclerosis and many other chronic diseases.?”2%3°
3.1.3. The epoxy hydroperoxide mechanism for HNE formation.
Several mechanisms by which HNE is formed from the LA have been proposed
but their validity has rarely been tested. For the formation of HNE from fatty acids
generally and linoleic acid particularly, Esterbauer’s group was the first to show
that the reaction can be catalyzed by iron.*! Later, it was proposed that HNE
(3.11) can be produced from 13-HPODE (3.2) via an epoxy hydroperoxide (3.8)
intermediate® (Scheme 3.2). According to this mechanistic hypothesis, the
hydroperoxide (3.2) reacts with Fe(ll) to produce an alkoxyl free radical (3.6).
This free radical (3.6) rearranges and reacts with molecular oxygen to produce
the epoxy hydroperoxide (3.8), which can fragment®® to produce HNE (3.11).
Even though the compound (3.8) has been isolated>® from reaction product
mixtures from the oxidation of 13-HPODE (3.2), access to epoxy hydroperoxide

3.8 is limited.
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Scheme 3.2. Pryor and Porter's epoxy hydroperoxide mechanism.

To explore such fragmentation reactions, Mingjiang Sun synthesized an
epoxy hydroperoxide isomer 3.12 of 3.8 by selective epoxidation** of 13-HPODE

(3.2) with dimethyl dioxirane (Scheme 3.3).

\/\/\:/\:/\/\/\/\WOH

LA (3.1) o)
Lipoxygenase from Soybean

@)
\/\/\(\/W\)J\OH

OOH 13-HPODE (3.2)

3.12
Scheme 3.3 Synthesis of an epoxy hydroperoxide 3.12 from LA (3.1)
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The epoxy hydroperoxide (3.12) was oxidized under various conditions.* In

analogy with the mechanistic hypothesis of Scheme 3.2 for transformation of 3.8
to HNE (3.11), C12-C13 fragmentation of 3.12 would produce HODA (3.15)
(Scheme 3.4). However, in the previous studies by Mingjiang Sun, only small

amounts (< 1%) of HODA (3.15) were produced upon decomposition of 3.12.%*

12 14
HOOC(CH,), 2
3.12 OOH

/ Hock rearrangemen\

o) OH

0
HOOC((:HZ)/L\\/\O)\CsH11 HOOC(CHZ)/L\/\/ Osceh,

| ol 5

0
HOOC(CH )/L\Ao AN A0

27 HOOC(CH,); = + CsHy4-OH

l Cis-OETA (3.16)
OH
+

HOOC<CH2>7)_\AO CsHii™ 0

HODA (3.15)

Scheme 3.4. Formation of HODA (3.15) and cis-OETA (3.16) from the epoxy

hyrdroperoxide 3.12 by Hock rearrangement.

It occurred to us that an alternative fragmentation of 3.12, involving C13-
C14 cleavage, could produce an epoxy alkenal, cis-OETA (3.16) through a Hock
rearrangement (Scheme 3.4). The formation of 3.15 and 3.16 from 3.12 might
also occur through an entirely different mechanism, p-scission of an alkoxy

radical derived from 3.12 (Scheme 3.5).
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Scheme 3.5. Formation of HODA (3.15) and cis-OETA (3.16) from the epoxy

hyrdroperoxide 3.12 by a pathway involving -scission.

In this chapter the total synthesis of the C13-C14 cleavage product, cis-
OETA (3.16), and its production from decomposition of the epoxy hydroperoxide

3.12 are described.
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3.2. Results and Discussion

3.2.1. Synthesis of 13-0x0-9,10-cis-epoxyoctadeca-11-enoic acid (cis-
OETA, 3.16). We needed an authentic sample of pure cis-OETA (3.16) to
establish the formation of this product from the fragmentation of the epoxy
hydroperoxide 3.12. To prepare cis-OETA (3.16), we envisioned a route starting
from the Z-allylic alcohol 3.17 using the same protocol as for the synthesis of the
natural product trans-OETA-PC (see Chapter 2, Schemes 2.7 and 2.8).

In this case, the acid 3.16 (cis-OETA) was expected to be available by
epoxidation of the Z double bond of the allylic alcohol 3.17 (Scheme 3.6). In turn,

intermediate 3.17 should be available from the bromohydrin 3.18.

Z T
316 O 317 3.8

Scheme 3.6. Retrosynthesis of cis-OETA.

Starting from the commercially available bromo alcohol 3.18, as for the
trans-OETA (see Chapter 2), the alcohol group was first protected as a THP
ether. The one pot process developed by Patterson® for the conversion of
terminal acetylenic alcohols into (E)-olefinic alkenols, was stopped before the
reduction of the triple bond, and the reduction was performed in a separate step
(Scheme 3.7). When we used a 2:1 ratio of the propargyl alcohol to the
electrophile 3.19 to generate the alcohol 3.20, the yield was 91%. Reduction of
the triple bond was performed with molecular hydrogen and Lindlar catalyst. The

hydrogenation protocol produced exclusively the Z isomer 3.17 in 93% yield.
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DHP, PPTS CoHoOHLLFeNO) 4y
Br-hoy  CCLHart  grthorup NHe78 °CTHF — HO™ >=""80THP
3.18 89% 3.19 91% 3.20
Ho/Lindlar cat. Ac,0,py,r.t.
. Ho =ShotHP ——— A0 = botp
93% 69%
3.17 391
PPTS, EtOH 1.CrO3, H,SOy4, acetone,
50 °C 2.HCI 6M
; Aco” > —="hoH - Ho” > —="coon
75% 62%
3.22 323

Scheme 3.7. Synthesis of the hydroxy-acid intermediate 3.23.

The allylic hydroxyl of 3.17 was protected as an acetate and the primary

alcohol was deprotected to deliver 3.22 via established procedures®>3°

(Scheme
3.7). This alcohol was then oxidized with the Jones reagent. As expected,
workup of the oxidation reaction product mixture with 6M HCI converted the
allylic acetate into an allylic alcohol. The yields were much lower than in the case
of the E isomer — 62% compared to 96% for the trans isomer — due to competing
Z-E isomerization of the double bond. Apparently, the solvolytic reaction
proceeds by a Sy1 mechanism. However, gradient flash chromatography allowed
separation of the isomers. The epoxidation of alcohol 3.23 was carried out with a
freshly prepared® solution of dioxirane in acetone. The reaction was completed
in 15 min at room temperature to give pure epoxide 3.24 almost quantitatively. In
the oxidation reaction of the free alcohol in 3.24 to an aldehyde in 3.25 with

TPAP/NMO®® at room temperature, the starting material was completely

consumed in 3 h, but the yield was modest. The yield was increased, by allowing
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the reaction to go for only 2 h and by adding the TPAP/NMO at 0 °C. The epoxy
alkenal, cis-OETA (3.16), was obtained from the epoxy aldehydic acid 3.25 by a

Wittig reaction at 4 °C for 2 days®’

O NMO, TPAP, CH,Cl,
HO/E/H?COOH /\W/H?COOH molecular sieves, ..
96% 74%
3.23 3.24
PhsPCHCHO
OMCOOH PhCHs, 4 °C OAMCOOH
O 69% o
3.25 3.16

Scheme 3.8. Synthesis of cis-OETA (3.16).

3.2.2. Autoxidation of epoxy hydroperoxide 3.12. In analogy with Pryor
and Porter’s postulated mechanism for the generation of HNE*?, we expected
that the synthetic epoxy hydroperoxide 3.12 would produce HODA (3.15) upon
fragmentation at the C12-C13 bond (Schemes 3.4 and 3.5). In addition, however,
as indicated earlier in this chapter, C13-C14 cleavage is expected to produce 13-
0x0-9,10-epoxy-11(Z)-tridecenoic acid (cis-OETA, 3.16). To test this hypothesis,
3.12 was induced to undergo autoxidation and iron-catalyzed decomposition at
37 °C. Epoxy hydroperoxide 3.12 was freshly prepared to avoid pre-oxidation and
assure accuracy in the quantification of the oxidation products. The maximum
yields for the detection of HODA (3.15) and cis-OETA (3.16) or the
corresponding PC esters are presented in Table 3.1. The detection of these two
products from 3.12 is the main focus of this chapter. The additional data in Table

3.1 are for comparison.
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Table 3.1. Maximum yields for HODA and OETA.

substrate catalyst HODA | HODA- OETA | OETA-PC
% PC % % % i
uv 1.1+0.3 2.2+0.3
LA-PC B —upo 1.6£0.2 3£0.2
Cu(ll) 0.1+0.07 0.3+0.02°
13-HPODE (3.4) | none 52 0.3+0.09°
Fe(ll) - 2.2+0.7°
3.12 none | 0.5+0.09 0.3+0.03°¢
Fe(ll) |0.3+0.02 4.5+0.04 °

2 Experiment done by M. Sun. °Trans isomer. °Cis isomer.

The production of HODA (3.15) and cis-OETA (3.16) from 3.12 was
monitored by LC/ESI-MS/MS. By comparison with an authentic sample of cis-
OETA (3.16), we identified 3.16 in the autoxidation product mixture from 3.12

(Figure 3.1).

A 17.83 239>84.7 B 17.90 239>84.7
100 o 100 +

80 1 80 4
Q

O\/\A
SN (HC);COOH

60 1 60 4

40 A 40 A

Relative Intensity (%)
Relative Intensity (%)

20 4 20 4

YRR | S— U

5 10 15 20 25 30 35 5 10 15 20 25 30 35

Time (min) Time (min)

Figure 3.1. LC/ESI-MS/MS analysis of cis-OETA (3.16) from the oxidation
mixture of 3.12. A. Synthetic cis-OETA (3.16) standard (parent m/z 239), MRM
chromatogram (daughter m/z 84.7). B. cis-OETA detected in the oxidation
mixture of 3.12, MRM chromatogram (239— 84.7).

The experiments were done in plastic vials to avoid the unintended
involvement of transition metals present in glass. Cis-OETA (3.16) detected in

the reaction product mixture from 3.12 exhibited the same retention time as that
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of authentic 3.16 and the same MRM. HODA (3.15) had been identified
previously in the reaction mixture from 3.12.%* However, to make an accurate
comparison between the yields of the HODA (3.15) and cis-OETA (3.16), the
production of HODA (3.15) was also quantified in the same experiment.

Yields of HODA (3.15) and cis-OETA (3.16) were determined
quantitatively by LC/ESI-MS/MS. The yields of HODA (3.15) from the epoxy
hydroperoxide 3.12 were low, 0.3% - 0.5%, under both conditions examined
(Figure 3.2), and were an order of magnitude lower than that (about 5%)
obtained from 13-HPODE (3.3)** under the same conditions (graph not shown).
This suggests that the epoxy hydroperoxide 3.12 is not a major precursor
contributing to the production of HODA (3.15) from 13-HPODE (3.2). Since Fe (lIl)
treatment resulted in a lower yield of HODA, Fe (ll) either suppresses the
formation of HODA (3.15) or catalyzes its decomposition, or both. The time
course for production of HODA from 3.12 (Figure 3.2) clearly shows that HODA
is not stable in the presence of Fe (ll). In striking contrast, the yield of cis-OETA
(3.16) from the epoxy hydroperoxide 3.12, 4.5% in the presence of Fe(ll) (Figure
3.3), was more than an order of magnitude higher than the yield of HODA (0.3%)

under the same conditions.
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Figure 3.2. Evolution profile for HODA (3.15) produced from the epoxy
hydroperoxide 3.12 during autoxidation or autoxidation in the presence of 5 mol%
Fe(ll) at 37 °C. Quantification was achieved by LC/ESI-MS/MS. The yields were
calculated by dividing the amount of each analyte by the amount of starting 3.12.

Data are the average of three sets of independent experiments.
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Figure 3.3. Evolution profile of cis-OETA (3.16) produced from the epoxy
hydroperoxide 3.12 during autoxidation or autoxidation in the presence of 5 mol%
equivalent Fe(ll) at 37 °C. Quantification was achieved with LC/ESI-MS/MS. The
yields were calculated by dividing the amount of each analyte by the amount of

starting 3.12. Data are the average of three sets of independent experiments.
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3.2.3. Mechanisms for the generation of HNE. Porter®® recently
concluded that the generation of the y-hydroxyalkenal HNE (3.11) from HPODEs
involves the production of 4-HPNE through two alternative pathways (see
Scheme 3.9 below) involving Hock rearrangements of LA-derived mono and
dihydroperoxides. In these recent experiments, 4(S)-HPNE is obtained with
nearly complete retention of configuration from optically pure 13(S)-HPODE
(Scheme 3.9). However, some loss of optical purity (~10%) was observed
implying that minor pathways, e.g., involving Hock rearrangement of the epoxy
hydroperoxide 3.8 (Scheme 3.2), could occur in parallel with the pathways in
Scheme 3.9. This view agrees with our conclusion that the epoxy hydroperoxide

3.12 is only a minor precursor for the y-hydroxyalkenal HODA.

13-LO
HOOC(CHY, ety — HOOC(CHZ)GMCSHﬂ
LA H “OOH
13(S)-HPODE (3.2)
9-LO
HOQ H ‘

/—\/:\
HOOC(CHy), CsH11

9(S)-HPODE HOOC(CHz)s 7~ CsHi1

“O0H
Hock Cleavage
02

0] 0]
e k/ﬁ OOH
HOOC(CH,)7 CsHy1 HOOC(CHz)emCSH11

9-oxononanoic acid 3(Z)-nonenal ""’OOH
10,13-dihydroperoxyde

o))

\ Hock Cleavage

o o 0
WCSH” HOOC(CHQ)GJ N K/\/%Hﬂ

H 2
00 9-oxononanoic acid “OCH
rac-HPNE 4(S)-HPNE

Scheme 3.9. Porter's mechanisms for generating HNE from HPODEs.*®
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3.2.4. Formation of HODA and OETA from epoxy hydroperoxide 3.12.
The hydroperoxide 3.12 can fragment either by C13-C14 cleavage to produce
cis-OETA (3.16) or C12-C13 cleavage to produce HODA (3.15). Hock
rearrangement favors the migration of a vinyl group over an alkyl group.*” In
contrast, B scission favors the production of an alkyl radical over a vinyl
radical.***° Thus, C12-C13 cleavage more likely proceeds by a heterolytic
mechanism involving Hock rearrangement (Scheme 3.4) to produce HODA
(3.15), while C13-C14 cleavage to produce OETA (3.16) may involve a free
radical B scission mechanism (Scheme 3.5).

In analogy with the mechanistic hypothesis of Scheme 3.2 for
transformation of the epoxy hydroperoxide 3.8 into HNE (3.11), C12-C13
fragmentation of the epoxy hydroperoxide 3.12 could produce HODA (3.15)
(Scheme 3.4). Although this fragmentation does occur, it only can account for a
minor fraction of y-hydroxy alkenals produced during lipid peroxidation. This
suggests that the mechanistic possibility proposed by Pryor and Porter in 1990,%
through the epoxy hydroperoxide (3.8) (Scheme 3.2), is indeed only a minor

pathway that could account for the slight loss of optical purity found in recent

studies of the formation of HNE from 13(S)-HPODE (see Scheme 3.9). *®

Fe(ll) promotes fragmentation of epoxy hydroperoxide 3.12 to give
cis-OETA. An alternative fragmentation of 3.12, involving C13-C14 bond
cleavage, can produce cis-OETA (3.16). In the presence of Fe(ll), the yield of cis-

OETA (3.16) from 3.12 is an order of magnitude higher than that of HODA (3.15).
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For the generation of cis-OETA, (3.16) from epoxy hydroperoxide 3.12,
the iron-catalyzed free radical B-scission process detailed in Scheme 3.10 seems
likely. Fenton type Fe(ll) induced homolysis of the hydroperoxy group in 3.12
generates hydroxide, Fe(lll), and the alkoxy radical 3.26. A homolytic 3-scission
(C13-C14 bond) of this intermediate generates cis-OETA (3.16), and an n-pentyl
radical. Oxidation of the n-pentanyl radical produces an n-pentyl cation and
regenerates Fe(ll). Capture of the pentyl cation by hydroxide generates pentanol.

0]

HOOG(CHp)~ Lt

3.12 OOH
Fe(ll)

Fe(lll) HO-CsH4
0

+ ©
HOOC(CHy) 2~ Cattrn + ©OH

3.26 OA)
* Fe(lll)

anical ®
B-scission *CsHi \ - OCeH1y
Fe(ll)

0]

HOOC(CH,) SN0

7

cis-OETA (3.16)

Scheme 3.10. Mechanism for Fe(ll)-catalyzed cis-OETA (3.16) formation.
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3.3. Conclusions

An unambiguous total synthesis of cis-13-0x0-9,10-epoxy-11(Z)-
tridecenoic acid (cis-OETA, 3.16) was accomplished. Fragmentation of an epoxy
hydroperoxide 3.12 to HODA (3.15) does occur in analogy with Pryor and
Porter's hypothetical route to HNE (Scheme 3.2), but this reaction can only
account for a minor fraction of y-hydroxy alkenals produced during lipid
peroxidation. This agrees with Porter’s recent conclusions on the pathways to
HNE from HPODESs.*® The C12-C13 cleavage more likely proceeds by a
heterolytic mechanism involving Hock rearrangement to produce HODA (3.15).
Cis-OETA (3.16) is a major product from decomposition of the epoxy
hydroperoxide 3.12, especially in the presence of Fe(ll). The C13-C14 cleavage
to produce cis-OETA (3.16) most likely involves [3 scission of an intermediate
alkoxyl radical. Generation of the alkoxyl radical can be catalyzed by Fe(ll)

through Fenton chemistry.
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3.4 Experimental Part

General methods. Proton magnetic resonance (1H NMR) spectra were
recorded on a Varian Gemini spectrometer operating at 300 MHz. Proton
chemical shifts are reported in parts per million (ppm) on the & scale relative to
CDCl; (5 7.24). "TH NMR spectral data are tabulated in terms of multiplicity of
proton absorption (s, singlet; d, doublet; t, triplet; m, multiplet; br, broad), coupling
constants (Hz), number of protons. Carbon magnetic resonance (°C NMR)
spectra were recorded on a Varian Gemini spectrometer operating at 75 MHz
and chemical shifts are reported relative to solvents. All high resolution mass
spectra were recorded on a Kratos AElI MS25 RFA high resolution mass
spectrometer at 20 eV. All solvents were distilled under a nitrogen atmosphere
prior to use. Methylene chloride was freshly distilled over calcium hydride.
Chloroform was dried over phosphorus pentoxide. Tetrahydrofuran (THF) was
freshly distilled over potassium and benzophenone. All reaction flasks were flame
dried under argon before use. All materials were obtained from Aldrich or Acros
unless otherwise specified.

Chromatography was performed with ACS grade solvent (ethyl acetate
and hexanes). Thin layer chromatography (TLC) was performed on glass plates
precoated with silica gel (Kieselgel 60 F,s4, E. Merck, Darmstadt, West
Germany). Ry values are quoted for plates of thickness 0.25 mm. The plates were
visualized with iodine or phosphomolybdic acid reagent. For the visualization of
the peroxides a ferrous thiocyanate reagent which was prepared just before use

by dissolving ferrous ammonium thiocyanate (5 g) and concentrated sulphuric
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acid (1mL) in water (100mL). The hydroperoxide spot appears reddish in color if
peroxide is present. Flash column chromatography was performed on 230 - 400
mesh silica gel supplied by E. Merck. All other chemicals were obtained from
Aldrich or Acros. For all reactions performed in an inert atmosphere, argon was
used unless specified. High performance liquid chromatography (HPLC)
purification was performed with HPLC grade solvents using a Waters M600A

solvent delivery system and a Waters U6K injector or a Waters 717 auto

sampler. The eluants were monitored using an ISCO V4 UV-VIS detector, or a
Waters 2996 photodiode array detector as well as a SEDEX 55 ELS detector.
Mass spectrometry. LC/ESI-MS/MS analysis of the column eluant was
performed on a Quattro Ultima (Micromass, Wythenshawe, UK). The mass
spectrometer was connected with Waters 2790 as a solvent delivery system and
an auto-injector. The source temperature was maintained at 100 ‘C, and the
desolvation temperature at 200 "C. The drying gas (N,) was maintained at ca.
450 L/h, and the cone flow gas at ca. 50 L/h. The multiplier was set at an
absolute value of 500. Optimized parameters can be found in Table 3.2. MS scan
at m/z 20-400 were obtained for standard compounds. Argon was used as
collision gas at a pressure of 5 psi for MS/MS analysis. For MS/MS analysis, the
collision energy was optimized for each compound. For multiple reaction
monitoring (MRM) experiments, the optimum collision energy (giving the
strongest signal) was determined for each product-daughter m/z ion pair. For all

compounds, the mass spectrometer was operated in the negative ion mode.
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Table 3.2. Optimized parameters for mass spectrometer.

Acidic
Compounds
lon Mode negative
Capillary (KV) 3
Cone (V) 30
Hex 1 (V) 0
Aperture (V) 0
Hex 2 (V) 0.5
LM 1 Resolution 10
HM 1 Resolution 10
lon Energy 1 1
LM 2 Resolution 15
HM 2 Resolution 15
lon Energy 2 2

Chromatography. The online chromatographic separation was obtained
using a 150 x 2.0 mm i.d. Prodigy ODS-2.5u column (Phenomenex, UK), with a
binary solvent (water and methanol) gradient. The solvents were supplemented
with 0.2% formic acid, whenever the mass spectrometer was operated in positive
mode. The gradient started with 100% water and rose to 100% methanol linearly

in 15 min, and elution was continued for 5 min with 100% methanol. Then the
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gradient was reversed to 100% water in 0.5 min, and then held for 9.5 min at
100% water. The solvents were delivered at 200 pL/min.
13-Hydroperoxyoctadeca-9,11-dienoic acid (3.2), 13-HPODE was
prepared following reported procedures.*’ "H NMR (300 MHz, CDCl3) & 6.52 (dd,
J1=15Hz, J, =12 Hz, 1H), 5.97 (t, J1 = 12 Hz, 1H), 5.4 - 5.6 (2H), 4.2 - 4.4 (dd,
J1 =12 Hz, J, = 6 Hz,1H), 3.42 (dd, J1 = 7.1 Hz, J, = 4.6 Hz, 1H), 3.0 - 3.2 (m,
1H), 2.32 (t, J = 7.3 Hz, 2 H), 1.1-1.8 (20H), 0.85 (t, J = 6.6 Hz, 3H).
13-Hydroperoxy-cis-9,10-epoxyoctadeca-11-enoic acid (3.12). For the
oxidation experiments, this compound was always prepared freshly, according to
the procedure reported previously®* with the only modification being that the
reaction was allowed to proceed for more than 5 min. Sometimes as long as half
an hour was needed for the reaction to go to completion. Briefly, dioxirane (500
uL, 7.8 mM) was added dropwise to the solution of 13-HPODE (3.2) (10 mg,
0.032 mmol) in chloroform. The resulting mixture was stirred for 15 min. The
solvents were then removed by rotary evaporation. The desired compound was
cleanly obtained in quantitative yield. '"H NMR (300 MHz, CDCls) § 5.84 (dd, J; =
15.7 Hz, 3, = 7.5 Hz, 1H), 5.61 (dd, J1 = 15.7 Hz, J, = 7.5 Hz, 1H), 4.2 - 4.4 (m,
1H), 3.42 (dd, J1 = 7.1 Hz, J, = 4.6 Hz, 1H), 3.0-3.2 (m, 1H), 2.32 (t, J = 7.3 Hz,
2 H), 1.1-1.8 (20H), 0.85 (t, J = 6.6 Hz, 3H).
9-(2-Oxanyloxy)-11-(3,3-dimethyl-2,4-dioxolanyl)undec-10-enoic acid
(preHODA) was used as internal standard and was prepared as described

previously.*? "H NMR (300 MHz, CDCls) 8 5.5-5.9 (2H) 4.62 (m, 1H), 4.49 (m,
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1H), 4.04 (3H), 3.83 (m, 1H), 3.54 (m, 1H), 3.44 (m, 1H), 2.53 (t, J = 7.4 Hz, 2H),
1.80 (2H), 1.4-1.75 (8H), 1.39 (s, 3H), 1.36 (s, 3H), 1.2-1.4 (8H).

9-Hydroxy-12-ox0-10-dodecenoic acid (HODA, 3.15) was synthesized
according to the published protocol*? "H NMR (CDCls, 300 MHz) § 9.57 (d, J =
7.8 Hz, 1H), 6.80 (dd, J; = 15.6 Hz, J, = 3.8 Hz, 1H), 6.28 (dd, J; = 15.6 Hz, J, =
7.8 Hz 1H), 6.80 (dd, J; = 15.6 Hz, J, = 3.8 Hz, 1H), 6.28 (dd, J; = 15.6, J, =7.8
Hz, 1H), 4.40 (m, 1H), 2.43 (t, J = 7.3 Hz, 2 H), 1.5-1.7 (4H), 1.2-1.4 (8H).

2-(8-Bromooctyloxy)tetrahydropyran (3.19)

DHP, PPTS,CH,Cl,
r.t

PN A OTHP
Br Br
3.18 89% 3.19

3.19 was prepared as described in Chapter 2. "H NMR (CDCls, 300 MHz):
54.55 (t, J = 3 Hz, 1H), 3.81-3.88 (m, 1H), 3.67-3.74 (tt, J; = 6 Hz, J,=6 Hz, 1H),
3.51-3.32 (m, 2H), 1.30-1.87 (18H). ®*C-NMR (75 MHz, CDCl;): 98.92 (CH),
67.65 (CHy), 62.43 (CHy), 34.06 (CH>), 32.84 (CHy), 30.83 (CHy), 29.74 (CHy),
29.30 (CHy), 28.74 (CHy), 28.15 (CHy), 26.18 (CHy), 25.54 (CHy), 19.76 (CHy).

2-(11-Hydroxy-9-undecynyloxy)tetrahydropyran (3.20)

HOH,C—-C=CH
A OTHP Li/NHg, THF, -78°C HO ="
Br 91%
3.19 3.20

Liquid ammonia (20 mL) and iron(lll) nitrate (2 mg) were placed in a 100
mL three-necked flask equipped with a mechanical stirrer, dry ice-cooled

condenser and a drying tube with potassium hydroxide for protection from
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moisture. To this mixture, lithium (20 mg, 2.8 mmol) was added in portions
allowing the blue color to dissipate between additions. Propargyl alcohol (0.5 mL,
9 mmol) in tetrahydrofuran (1 mL, freshly distilled) was added over 25 min and
the reaction mixture was then allowed to reflux 100 min. 2-(8-Bromooctyloxy)
tetrahydropyran (3.19, 250 mg, 0.85 mmol) in tetrahydrofuran (1 mL) was then
added over 35 min and the mixture was allowed to reflux for 135 min.*® After 30
min, sufficient ammonium chloride was added to dissipate the blue color; most of
the ammonia was evaporated under a stream of nitrogen and the residue was
poured onto ice (5 mg). The resultant mixture was extracted with diethyl ether (3
x 3 mL), and then ethyl acetate (2 x 5 mL). The combined organic phases were
dried and concentrated by rotary evaporation to give a residue that was purified
by flash chromatography on a silica gel column with 25% ethyl acetate in
hexanes to afford compound 3.20 (211 mg, 91%): TLC (ethyl acetate/hexanes
1:4) Ry= 0.3; "H NMR (300MHz, CDCl3) & 4.55 (t, J = 3 Hz, 1H), 4.11 (d, J=3,
1H), 3.81-3.88 (m, 1H), 3.67-3.74 (tt, J; = 6 Hz, J,=6 Hz, 1H), 3.51-3.32 (m, 2H),
1.98-2.04 (m, 2H), 1.30-1.87 (18H). *C-NMR (75 MHz, CDCl5): 98.89 (CH),
74.07(CH), 70.31(CH), 67.71 (CH), 62.86(CHy), 58.04 (CH;), 30.82 (CH,), 30.82
(CHy), 29.77 (CHy), 29.43 (CHy), 29.12 (CHy), 26.24 (CHy), 25.54 (CHy), 19.74

(CH>).
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2-(11-Hydroxy-9(Z)-undecenyloxy)tetrahydropyran (3.17)

Hy/Lindlar cat.

Ho >=%oTHP Ho >S="BoTHp

93%

3.17 (211 mg, 0.787 mmol), in absolute ethanol (1 mL) was dissolved in a
5 mL round-bottomed flask. Lindlar catalyst (5 mg, Pd on BaSO,4) and a few (3)
drops of quinoline were added and the mixture was stirred magnetically under
hydrogen supplied from a balloon.** The reaction was monitored by TLC. The
olefinic product 3.17 moves a little faster than the starting material. After
completion (2 h) of the reaction, the mixture was filtered to remove the catalyst.
The ethanol was removed on a rotary evaporator. Dichloromethane (2 mL) was
added to the residue and it was washed with 5% aq. HCI, brine, then dried on
Na,SO, and solvent rotary evaporated. The resulting product was purified by
flash chromatography on a silica gel column with 25% ethyl acetate in hexanes to
afford compound 3.17 (197 mg, 93%): TLC (ethyl acetate/hexanes 1:4) R;= 0.3;
'H NMR (300MHz, CDCl3) § 5.46-5.61(m, 2H), 4.55 (t, J = 3 Hz, 1H), 3.81-3.88
(m, 1H), 3.67-3.74 (it, J, = 6 Hz, J,=6 Hz, 1H), 3.51-3.32 (m, 2H), 1.98-2.04 (m,
2H), 1.30-1.87 (18H).

Acetic acid, 11-(tetrahydropyran-2-yloxy)-2(Z)-undecenyl ester (3.21)

Ac,0,py,r.t.
Ho >S—="®oTHP 69% AcO” >—="B0oTHP
3.17 3.21

A solution of acetic anhydride from a newly opened bottle (64 mg, 0.62
mmol) in pyridine (1 mL, freshly distilled) was cooled in an ice bath. A solution of

3.17 (55 mg, 0.2 mmol) in pyridine (1 mL, freshly distilled) was added in one
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portion and the mixture was stirred 3 h at 0 'C, and then for 3 h more while being
warmed to room temperature.*® It was then poured onto a mixture of ice (5 g) and
hexanes (3 mL), shaken, and then separated. The aqueous layer was extracted
with hexanes (3 x 1 mL), and then the combined organic layers were washed
with water and brine and then dried over Na,SO,4. The sample was concentrated
by rotary evaporation to give a residue that was purified by flash chromatography
on a silica gel column with 10% ethyl acetate in hexanes to afford compound
3.21 (44 mg, 69%): TLC (ethyl acetate/hexanes 1:9) R; = 0.32; '"H NMR
(300MHz, CDCl3) 8 5.57-5.66 (m, 1H), 5.45-5.53 (m, 1H), 4.58 (t, J = 3 Hz, 1H),
3.81-3.88 (m, 1H), 3.67-3.74 (tt, J; = 6 Hz, J, = 6 Hz, 1H), 3.51-3.32 (m, 2H), 2.00
(s, 3H), 1.98-2.04 (m, 2H), 1.30-1.87 (18H).

Acetic acid, 11-hydroxy-2(2)-undecenyl ester (3.22)

PPTS, EtOH
50 °C _
ACOMOTHP 75% ACOMHE?OH
3.21 3.22

A solution of 3.21 (44mg, 0.14 mmol) and pyridinium p-toluenesulfonate
(PPTS, 5 mg, 0.015 mmol) in absolute ethanol (2 mL, freshly distilled over CaH,)
was heated 3 h at 40 "C. The sample was concentrated by rotary evaporation
and the residue was taken up in ethyl acetate (3 mL) to give a milky solution
which was transferred to a separatory funnel.*® The reaction flask was rinsed with
water (2 mL) and ethyl acetate (3 mL), and then the washes were added to the
separatory funnel and shaken to give two clear phases, that were separated. The
organic layer was washed with water (1 mL), 1% NaHCOs3 (1 mL), and brine, and

then dried on Na;SO4. The solvent was removed by rotary evaporation and the
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residue was purified by flash chromatography on a silica gel column with 20%
ethyl acetate in hexanes to afford compound 3.22 (24 mg, 75%): TLC (ethyl
acetate/hexanes 3:7) R¢= 0.35; "H NMR (300MHz, CDCls) & 5.48-5.58 (m, 1H),
5.69-5.79 (m, 1H), 4.48 (d, J = 6 Hz, 2H), 3.58-3.64 (m, 2H), 2.03 (s, 3H), 1.98-
2.04 (m, 2H), 1.23-1.56 (14H).

11-Hydroxy-9(Z)-undecenoic acid (3.23)

ACOM — "8OH HO/\—/f\)?\COOH
86%
3.22 3.23

A 50 mL round-bottomed flask was charged with Jones reagent (1.5 mL,
2.67 M Na,Cr,07 in 4 M H,SO,4) and acetone (8 mL). A solution of 3.22 (23 mg,
0.1 mmol) in acetone (8 mL) was added dropwise at 0 ‘C from a funnel over 2 h.
The color changed to dark-brown. The mixture was stirred at room temperature
for 4 additional h, and then the solution was decanted from the orange residue.
The residue was dissolved in water (5 mL) whereupon the color changed to
greenish-blue. This was extracted with ethyl acetate (3 x 3 mL). The organic
extracts were added to the decanted solution. The solvents were removed by
rotary evaporation to give a brown residue, that was dissolved in water (10 mL),
and extracted with ethyl acetate (3x10 mL). The solution was washed with water
(10 mL), to remove residual chromium species*® and then extracted with 10%
NaOH (10 mL). The aqueous phase was acidified with 6 M HCI to pH 1 and then
extracted with ethyl acetate (4 x 3 mL). The combined organic extracts were
washed with water (3 mL) and brine (3 mL) and then dried on Na;SO4. The

organic phase lost its yellow-green color gradually to become pale yellow. The
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solvent was removed by rotary evaporation and the white fluffy solid residue was
purified by flash chromatography on a silica gel column with 70% ethyl acetate in
hexanes for the first 10 fractions and than with 75% ethyl acetate in hexanes, to
afford compound 3.23 (12.5 mg, 62%): TLC (ethyl acetate/hexanes 1:1) R;=
0.28; "H NMR (300MHz, CDCl3) § 5.46-5.61 (m, 2H), 4.12 (d, J = 3 Hz, 2H), 2.32
(t, J =6 Hz, 2H), 2.0-2.03 (m, 2H), 1.58-1.63 (m, 2H), 1.21-1.35 (8H).

8-(3-Hydroxymethyl-cis-oxiran-2-yl)octanoic acid (3.24)

Ho > ="%CcooH 6% HO™ > coom
G
3.23 3.24

A solution of dioxirane in acetone (8 mL, 64mM)*®, was added dropwise to
a solution of 3.23 (12.5 mg, 0.625 mmol) in chloroform (3 mL) at room
temperature. The resulting mixture was stirred for an additional 15 min at room
temperature. The solvents were then removed by rotary evaporation. The desired
compound 3.24 was obtained in almost quantitative yield (13mg, 96%) without
further purification. "H-NMR (300 MHz, CDCls,): & 3.82 (dd, J = 12, J = 3,1H),
3.62 (dd, J =12, J = 3,1H), 3.06 (m, 2H), 2.32 (t, 2H, J = 7.3 Hz), 1.63-1.31
(12H). *C-NMR (75 MHz, CDCls): 179.3 (C), 60.85 (CH,), 57.01(CH), 56.39(CH),
34.00 (CHy), 31.45(CHy>), 29.11(CHy), 29.08(CHy), 28.90(CH>), 25.83(CHy),
24.63 (CHz). HRMS (FAB): m/z calculated for C11H2004
[(M-H)"] 217.1440 found 217.1430.

8-(3-Formyl-cis-oxiran-2-yl)octanoic acid (3.25)

TPAP, NMO, CH,Cl,

HO/VH?COOH molecular sieves,r.t. OMCOOH

0O 74% 0]
3.24 3.25
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The alcohol 3.24 (13 mg, 0.06 mmol) was dissolved in dichloromethane (6 mL,
freshly distilled) containing 4-A molecular sieves and 4-methylmorpholine N-
oxide (NMO, 10 mg, 0.09 mmol). Solid tetrapropylammonium perruthenate
(TPAP, 3 mg, 0.009 mmol, 0.1 equiv.) was then added under argon*’ at 0 ‘C, and
the resulting green mixture stirred at room temperature for 2 h, when TLC
analysis showed complete disappearance of the starting material and the
appearance of a new spot (Ry= 0.2) with 35% ethyl acetate in hexanes. The
molecular sieves had to be washed with 4 times the initial volume of the ethyl
acetate to recover the entire product. The solution was filtered through a small
bed of silica gel (1 cm) in a separatory funnel. The solvent was removed by
rotary evaporation to afford pure 3.25 (9.4 mg, 74% vyield). "H-NMR(75 MHz,
CDCls,): 69.47 (d, 1H, J=6.), 3.35 (dt, 1H, 3 =6.9, J = 1.9), 3.23-3.29 (m, 1H),
2.36 (t, 2H, J = 7.4), 1.71-1.25 (12H). "*C-NMR (300 MHz, CDCls): 199.23 (CH),
180.02 (C), 59.17 (CH), 57.94 (CH), 34.02 (CHy), 29.03 (CHy), 29.01 (CHy),
28.98 (CHy), 28.87 (CHy), 25.73 (CH3), 24.59 (CH). HRMS (FAB): m/z
calculated for C11H1904 [(M-H)"] 215.1283, found 215.1270.

13-0x0-9,10-cis-epoxy-11(E)-tridecenoic acid (3.16)

PhgP=CH-CHO,
07> Hcoon PhCHs, 4 °C P> Hcoon
g 69% J
3.25 3.16

To a stirred suspension of formylmethylenetriphenylphosphorane (5.7mg,
0.019 mmol)*® in 1 mL of dry toluene at 0 "C, the aldehyde 3.25 (2.6 mg, 0.012
mmol) was added. The resulting mixture was stirred for 2 days at the 4 "C under

argon. The solvent was the removed by rotary evaporation. The residue was



104

extracted with ethyl acetate (4 x 1 mL). The aqueous phase was acidified with

2 M HCI to pH 4 and then extracted with ethyl acetate (4 x 1 mL). The combined
organic extracts were washed with water (1 mL) and brine (1 mL) and then dried
on Na;SO4. The sample was concentrated by rotary evaporation to give a
residue that was purified by flash chromatography on a silica gel column with
55% ethyl acetate in hexanes to afford compound 3.16 (2 mg, 69%): TLC (ethyl
acetate/hexanes 1:1) Ry= 0.3. "H-NMR(300 MHz, CDCls,): 8 9.59 (d, 1H, J = 8.9),
6.68 (dd, 1H,J=15,J=6)6.4 (dd, 1H,J=15,J=6) 3.63 (dd, 1H,J=6,J =
6.1), 3.26 (m, 1H), 2.35 (t, 2H, J = 9), 1.65-1.33 (12H). *C-NMR (75 MHz,
CDCls): 192.48 (CH), 178.81(C), 150.52(CH), 135.30 (CH), 60.22(CH), 55.20
(CH), 33.81 (CHy), 29.12 (CHy), 29.09 (CH), 28.90 (CHy>), 28.87 (CH), 25.73
(CHy), 24.63 (CHy).

Autoxidation of 13-hydroperoxy-9,10-cis-epoxy-11(E)-octadecaenoic
acid (3.12) Five 1 mL plastic vials containing aliquots of 13-hydroperoxy-9,10-
cis-epoxy-11(Z)-octadecaenoic acid (3.12, 10 ug) as a neat film were incubated
at 37 °C in a moist chamber. At 0, 0.5,1, 2, 4 h, a vial was removed from the
incubator, and the samples were stored at -80 °C under argon. Before analysis
the samples were dissolved with methanol (100 uL) containing 20 ng of internal
standard (preHODA). The samples (50 uL) were injected into an LC/ESI-MS/MS,
and the amount of HODA (3.15) and cis-OETA (3.16) in the autoxidation reaction
mixture were monitored simultaneously.

To examine the effect of iron on the fragmentation product distribution,

water (10 uL) containing 5% FeSO, was added to each of the 5 vials and the
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vials were vortexed for 20 sec. to distribute the FeSO4, and then the mixtures
were incubated under the same conditions as above. After incubation, from each
vial the water was evaporated with a stream of nitrogen, and the samples were
stored under argon at -80 °C and analyzed as described above.

Quantification of compounds: HODA (3.15), and cis-OETA (3.16) were
quantified by LC-ESI-MS/MS with MRM function. For HODA (3.15), the mass
transition m/z 227.3 to 84 was monitored (Figure 3.4). For cis-OETA (3.16), the
mass transition m/z 239 to 84.7 was monitored (Figure 3.5). For internal standard
(preHODA) the mass transition m/z 382.9 to 100.6 was monitored. Calibration
curves were built by injecting various amounts of HODA (3.15) and cis-OETA
(3.16) and 10 ng internal standard (preHODA) into the LC/ESI-MS/MS (Figure

3.4 and 3.5). The calibration equations are presented in Table 3.3.

cisepal 50ng prehoda 10
MRM of 6 Channels ES-

100 17.83 239>84.7

m %

0

T T T T T T T T T T T T T T T T T T T T T T T T T Time
4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00

30

Peak area ratio

O T T T T
0 2 4 6 8

OETA (mmol)/preHODA (mmol)
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Figure 3.4. LC-MS chromatogram of cis-OETA (3.16) and the calibration curve;
9-(2-oxanyloxy)-11-(3,3-dimethyl-2,4-dioxolanyl)undec-10-enoic acid (10 ng)

(preHODA) was used as internal standard.

LAHPEP13, Oh, prehoda 10 ng
MRM of 7 Channels ES-
100+ 16.04 227.3>839
4.68e4

%

0 Time

"T400 T 600 | 800 | 1000 | 1200 ' 1400 ' 1600 ' 1800 ' 2000 ' 2200 ' 2400 ' 2600 ' 28.00

Peak area ratio

0 200 400
HODA (mmol)/ preHODA (mmol)

Figure 3.5. LC-MS chromatogram of HODA (3.15) and the calibration curve; 9-
(2-Oxanyloxy)-11-(3,3-dimethyl-2,4-dioxolanyl)undec-10-enoic acid (10 ng)

(preHODA) was used as internal standard.

Table 3.3 Calibration equations

Compound Calibration Equation

Cis-OETA (3.16) y=2.1835x (R?*=0.9993)

HODA (3.15) y=0.920x (R*=0.9913)
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Part A. Ethanolamine Phospholipid Depletion by Lipid Oxidation
4.1. Background for Part A

4.1.1. Membrane composition. All biological membranes are composed
of a lipid bilayer matrix associated with proteins. Since these lipids contain a
substantial amount of polyunsaturated fatty acids (PUFAs) that are prone to
oxidation, and due to our aerobic environment, it is understandable that lipid
oxidation plays a key role in human health.

The bilayer of lipids is formed mostly from phosphatdylcholines (PCs).
PCs are known to be a “bilayer-forming” type of lipid. The hydrophilic “head” and
the hydrophobic “tail” have comparable dimensions so it is thermodynamically

favorable to form a layer (Figure 4.1.A)."

-ARRRR
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N

Figure 4.1. A. A model layer formed by PCs, where @ is the hydrophobic head,

and § is the hydrophilic tail. B. A model of arrangement of the PEs, where the
same symbols are used as for panel A.
4.1.2. Phosphatidylethanolamines: an important component of

biological membranes. Other components of biological membranes, besides
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PCs, include phosphatidylethanolamines (PEs) (Figure 4.1.B). PEs are “non-
bilayer” type lipids, i.e., they do not form bilayers by themselves (Figure 4.1.B).
"Non-bilayer” lipids are necessary for functional reconstitution of membrane
proteins’ and are required for efficient protein transport across the plasma
membrane.? The “non-bilayer” lipids, due to their small head group, can change
the lateral pressure across the membrane, and this can facilitate the insertion of
proteins. They incorporate more space between the lipid head groups, and have
a higher packing density in the acyl chain region. Changing the lateral pressure
can also influence the function of proteins and their interactions within the
membrane. Another role of the PEs is to promote the formation of curved
structures during processes like membrane fusion (see Figure 4.1.B).

Even though it is known that PE prefers to organize itself in non-bilayer
structures, it is noteworthy that biomembranes contain a substantial amount of
this non-bilayer lipid. The fact that levels of non-bilayer lipids are precisely
regulated implies “that they are of considerable functional importance”.”
Therefore, modification of ethanolamine phospholipids (EPs) by reactions of their
primary amino residues with lipid oxidation products could compromise
membrane function, e.g., by causing depletion of EPs or otherwise impairing their
ability to stabilize membrane proteins. Apparently, the loss of biological activity
associated with their depletion is restored upon replacing the EPs.’

It is noteworthy that in mitochondrial membrane the percent of EPs is
relatively high. Mitochondrial membrane is especially vulnerable to oxidative

damage because various free radical species are generated during mitochondrial
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respiration. Modification of PE by lipid oxidation products such as HNE was
proposed to account for the formation of fluorescent chromolipids upon oxidation
of rat liver mitochondria.*® The EPs are abundant in the photoreceptor disk
membranes of the retina as well.® Thus, in spite of the fact that PEs cannot form
membranes by themselves, PEs have a very important role in stabilizing the
functional integrity of membranes.”®

4.1.3. LDL particles. The chemistry of membrane lipid oxidation is similar
to the oxidative chemistry that occurs in low-density lipoprotein (LDL). LDL is a
spherical particle of 180-250 A diameter. It has a core composed of cholesteryl
esters and triglycerides, and an outer shell of phospholipids and unesterified
cholesterol, and only a single 550-kD molecule of apolipoprotein B-100 (apoB-
100). ApoB-100 has approximately 350 lysyl residues. Ethanolamine
phospholipids (EPs) constitute only a few percent of total LDL phospholipids. In
the human LDL, the EPs are 40% PE and 60% plasmenylethanolamine.9 Upon
oxidation of LDL, modification of PEs is likely to occur.

4.1.4. Ethanolamine phospholipids: a target for reactive lipid
oxidation products. The ethanolamine phospholipids can react with products
from lipid peroxidation like the hydroxy aldehyde 4.1, or other similar bifunctional
electrophiles, to form pyrrole adducts 4.3. Cleavage of the pyrrole adducts by
phospholipase D (PLD) would produce the corresponding ethanolamine-derived

alkylpyrroles 4.4.
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Scheme 4.1 Formation of ethanolamine-derived alkylpyrroles.

The PUFAs from LDL are highly susceptible towards oxidation, and in the
human body free radical species are readily generated. The free radical-induced
oxidative degradation of PUFAs can lead to various classes of compounds,
among which the isolevuglandins (isoLGs) and some y—hydroxy-a,p-unsaturated
aldehydes, e.g., 4-hydroxynonenal (HNE), were previously studied by our
group.'®" These reactive oxidation products can modify proteins and DNA and
alter the functionality of membranes, proteins, and cells. They can bind
covalently to the lysyl e-amino groups of apoB-100, or as some of our recent
experimental data suggest, to some other amino groups available in the LDL."?
Previously, it was found by the Salomon group that, during oxidation of LDL,
arachidonyl phosphatidylcholine (AA-PC) is converted into isoLGE,-PC by a
nonenzymatic, free radical pathway (Scheme 4.2). Thus, phospholipid
endoperoxides, e.g. the 2-lysophosphatidylcholine (PC) ester of isoPGH,-PC, are
generated and these rearrange to isoLGs. Free radical-induced oxidative
fragmentation of AA-PC or LA-PC produces 4-hydroxy-2(E)-nonenal (HNE).

Both HNE and isoLGs react with protein lysyl e-amino groups to form pyrroles.
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Scheme 4.2 IsoLGE,-pyrrole and HNE-pyrrole generation from AA-PC or LA-PC.

Both isoLG- and HNE-derived pyrroles can be detected with polyclonal
antibodies. Native LDL was oxidized at 37 °C with a free radical generating
system and the particle-bound products were separated from non particle-bound
products by membrane ultrafiltration or dialysis, and analyzed separately. It was
found' that the ultrafiltrate (non particle-bound) showed ~60% of the total
immunoreactivity for both isoLGE,-pyrrole and HNE-pyrrole epitopes.

In another experiment, a mixture of LDL was incubated with radiolabeled
HNE, and the unbound HNE was removed by dialysis against phosphate
buffered saline (PBS). The resulting LDL-HNE adducts, that contained no
dialyzable “free HNE”, were subjected to lipid extraction. 64% of the total LDL-

HNE adduct radioactivity was found' in the lipid extract. Moreover, the lipid
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extract was separated on a reverse phase SepPak™ cartridge. More then 35% of
its radioactivity eluted in the same fraction as authentic radiolabeled
phosphatidylethanolamine (PE), suggesting that HNE-PE adduct(s) were formed.
Possible explanations for the non protein-bound immunoreactivity found in
oxidized LDL include HNE-derived pentylpyrrole and LGE»-pyrrole derivatives of
peptides (from oxidatively fragmented apoB-100) or pyrrole derivatives of
ethanolamine phospholipids (EPs) that include phosphatidylethanolamine (PE)
and plasmenylethanolamine in about equal amounts.* Covalent adduction of
HNE with PE is known*® and the SepPak™ elution experiment strongly supports

this later explanation.

4.2. Results and Discussion for Part A

4.2.1. PEs are not dialyzable from liposomes. A model study using
liposomes was conducted to test the hypothesis that modification of
ethanolamine phospholipids by pyrrole-forming reactions with lipid oxidation
products converts cationic ammonium groups into neutral pyrrole derivatives
resulting in ejection from the outer shell of low density lipoproteins (LDLs).
Unilamelar vesicles made from 1-palmitoyl-2-oleoylphosphatidilcholine (PO-PC,
1.3uM) and radiolabeled 1,2-dioleoyl-L-3-phosphatidyl[2-"*C]ethanolamine (DO-
PE) (45nM) were dialyzed for 3 days at 37 °C in air against pH 7.4 PBS buffer
(0.1M). Aliquots were removed at various times from the outer buffer and
analyzed by liquid scintillation counting. The radioactivity detected outside was
around the background level, and if plotted on the scale of the total reactivity

from inside the bag, no radioactivity was detected in the outer buffer, indicating
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that the radioactive phosphatidylethanolamine is “traped” within the vesicles

(Figure.4.2)
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Figure 4.2. The radioactivity detected in the outer buffer.

4.2.2. The level of dialyzable radiolabeled PE generated upon
treatment with ON is not detectable above background. The primary amino
group in DO-PE (4.5) is expected to react with HNE to generate pentylpyrrole
derivatives analogous to the reaction with proteins (see Scheme 4.2). We choose
to generate pentylpyrrole derivatives of the amino group of DO-PE by treatment
with 4-oxononanal (ON) (Scheme 4.3) because ON is know to react rapidly with
the primary amines to give the same pentylpyrroles in high yields. The nitrogen in
the aromatic pyrrole ring has a reduced basicity and remains, therefore,
unprotonated and uncharged at physiological pH. We postulated that the
unprotonated pentylpyrrole might leave the membrane and therefore radioactivity
would be detected in the solution outside of a dialysis bag.

The solution outside the dialysis bag was replaced with buffer that

contained 4-oxononal (ON, 2uM). The vesicles inside the dialysis bag were



119

dialyzed again for three days and aliquots were removed at various times and
analyzed by liquid scintillation counting. The result was a straight line with the
points around the background levels, similar with the one in Figure 4.2, i.e.,
amount of radioactivity, if any, that dialyzed into the outer solution was too little to

be detected above background.
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Scheme 4.3. Formation of the pentylpyrrole adduct (4.6).

4.2.3. Immunoassay indicates that dialyzable pentylpyrrole is
generated upon treatment of PE-containing liposomes with ON. The
possibility that the pentylpyrrole was formed but did not leave the liposomes was
investigated. Pyrrole formation was detected by enzyme-linked immunosorbent
assay (ELISA) using 4-oxononanal-keyhole limpet hemocyanin adduct (ON-KLH)
antibody, bovine serum albumin 6-aminocaproic acid (BSA-6-ACA)-ON as

standard, and BSA-ON as coating agent. First the immunological response to
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ON only was tested. Chicken egg ovalbumin (CEO) is present during the ELISA
assay and ON can react with CEO to generate pyrrole-derivatives. Indeed, ON

alone, gives an immunologic pentylpyrrole response (Figure 4.3.).
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Figure 4.3. Inhibition curve for binding of anti-ON-KLH to BSA-ON by BSA-6-
ACA-ON () ON alone (m), and ON after adding 10-fold excess MeONH3"CI" (V)

To remove the immunological response due to free ON (Figure 4.3), the
ON solution was treated with a 10-fold excess methoxylamine hydrochloride
(20u). An ELISA assay was performed on the ON solution after “neutralization” of
the free 4-oxononanal with MeONH;"CI™ (Figure 4.3). There was no longer any
immune response to the reaction mixture solution, i.e., the concentration of
pentylpyrrole epitopes was negligible. An ELISA assay was then performed on
the liposome-ON reaction product mixture that had been dialyzed for 3 days. In
Figure 4.4 the immunological response of the dialysate before (Figure 4.4) and
after “neutralization” (Figure 4.4) of the unreacted 4-oxononanal with 10-fold

excess of methoxylamine hydrochloride is shown. Clearly some of the
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immunoreactivity exhibited by the dialysate (Figure 4.4) cannot be attributed to
the free ON. Rather, the formation of a dialyzable DO-PE-based pentylpyrrole
that was ejected from the liposome is indicated. The concentration of the
pentylpyrrole epitope in the sample was 0.37 nmol/mL, which corresponds to a
10% conversion of the initial DO-PE. If a corresponding 10% of the radiolabeled
PE dialyzed into the outer solution, the level of radioactivity in that solution is
calculated to be 37 DPM for a 10 pL aliquot. This is not distinguishable from the
background level of 35-40 DPM.

To examine whether some pentylpyrrole was formed but not released from
the vesicles, i.e., nondialysable, an ELISA was done on the solution inside the

bag.
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Figure 4.4. Liposome reaction with ON. Inhibition curve for binding of anti-

ON-KLH to BSA-ON by BSA-6-ACA-ON (the standard) (e) before adding

MeONH;*CI ( V), after adding MeONH3"CI (m)

The concentration of pentylpyrrole was found to be about the same, 0.34

nmol/mL, as in the outer solution. This result suggests that equilibrium was
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obtained between the pyrrole inside and outside the bag. Due to the large

volume of the outer solution (about 15 mL) most of the pyrrole generated in the

reaction is found dialyzed into the outer solution.

4.2.4. The level of dialyzable radiolabeled PE generated upon

exposure to autoxidizing AA is not detectable above background. In another

experiment, vesicles containing radiolabeled PE were dialyzed at 37 °C in air

against a solution of 8 uM arachidonic acid (AA), 20mM sodium ascorbate and

0.8 mM FeSO4 7H,0 in PBS buffer (10mM). We expected this system to

generate HNE and isolevuglandins in situ. The latter would form pyrroles

(Scheme 4.4) that would be more hydrophilic than the pentylpyrroles (from HNE

or ON) and would even more effectively cause expulsion of radioactive products

into the outer media. Again aliquots of the outer buffer were analyzed at different

times, but no radioactivity above the background level was detected outside the

dialysis bag.
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Scheme 4.4. Pyrrole formation from phosphatidylethanolamine 4.5 and isoLGE:.



123

The oxidation of AA will produce many reactive species including HNE. To
remove any dialyzable oxidation products, the outer solution was replaced with a
new PBS buffer (0.1M) and the vesicles were dialyzed for 3 days, changing the
buffer every 12 hours, and analyzing the outside solution for radioactivity. At
none of the times did the outside solution show any radioactivity.

The concentration of pentylpyrrole inside the bag was determined by
ELISA (Figure 4.5). The aliquot used for the ELISA was from inside the bag after
three days of removing all the dialysable oxidation products. The pentylpyrrole
concentration was found to be 3 nmol/mL, about 10 times greater than in the
model reaction with ON. This corresponds to a yield of undialysable pentylpyrrole
of about 10% (based on PE) in the solution inside the dialysis bag. The

molecular identity of this undialysable pentylpyrrole is unknown.
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Figure 4.5. Liposome reaction with oxidation products from AA. Inhibition curve
for binding of anti-ON-KLH to BSA-ON by BSA-6-ACA-ON (the standard) (e).

Inhibition curve for binding of anti-ON-KLH by products from inside the bag (m).
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4.3. Conclusions for Part A

Model studies were conducted for testing the “phosphatidylethanolamine
depletion hypothesis”, i.e., that the reaction of PEs with lipid peroxidation
products would generate derivatives that would be ejected from the vesicle
membrane. Pentylpyrroles were generated by the reaction of PE with ON. A
method for removing the confounding immunological ELISA response of
unreacted ON (treatment with methoxylamine) was developed, and the fact that
PEs contained in mixed liposomes with PCs are trapped in the particle, i.e., are
not dialyzable, was confirmed. Immunological evidence indicated that PE-
derived pentylpyrroles are ejected from the particle. Thus, they are dialyzable,
but the levels of these dialyzable products were too low (about 10% conversion)
to be confirmed by monitoring dialyzable radioactivity associated with the PE.
Similar experiments involving exposure of radiolabeled PE to autoxidizing
arachidonic acid also failed to generate sufficient levels of dialyzable PE-derived

products to be detected above background.
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4.4. Experimental procedures for Part A

General methods. See Chapter 2 for NMR and chromatography.
Absorbance values for enzyme-linked immunoassays (ELISA) were measured on
a Bio Rad microplate reader using dual wavelength, 405 nm to read the plate and
650 nm as a reference. The reader was operated through a computer using the
MPM 4 program from BioRad. All the assays results were refined using
SigmaPlot 2001. Liquid scintillation counting was done on a Beckman LS 5801
counter with Quench curves made from a Beckman "C standard set.

Materials. Spectrapor membrane tubing (Mr cutoff 14,000 No.2) for
standard dialysis was obtained from Fisher Scientific co (Pittsburgh, PA). The
following commercially available materials were used as received: chicken egg
ovalbumin (CEO), grade V, 99%), bovine serum albumin (BSA, fraction V, 96-
99%), human serum albumin (HSA, fraction V), disodium p-nitrophenyl
phosphate, arachidonic acid (Sigma, St. Louis, MO); keyhole limpet hemocyanin
(KLH, ICN Biochemicals, Irvine, CA); goat anti-rabbit IgG-alkaline phosphatase
(Boehringer-Manheim, Indianapolis, Indiana). Phosphate buffered saline (PBS)
was prepared from a pH 7.4 stock solution containing 0.2 M NaH;PO4/Naz;HPO4,
3.0 M NaCl, and 0.02% NaN3 (w/w). This solution was diluted 20 fold as needed.
4-Oxohexanal was prepared according to Ballini et al." For ELISA, unless
otherwise noted, duplicates of each sample were run on the same plate.
Concentrations of binding inhibitor are expressed in units of pmol/well. Since 50
ML of sample or standard solutions were loaded into each well on the ELISA

plates, this corresponds to pmol/50 pL.
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Vesicle preparation. Commercially available phosphatidylcholine PO-PC
(1 mg, 1.3 uM) in 1 mL chloroform was vortexed in a large glass test tube (16
mL) with 100 pL (45 nmol) 1,2-dioIeoyI-L-3-phosphatidyI[2-14C] ethanolamine in
toluene/ethanol solution (550,000 DPM, specific activity 55mCi/mmol). The
phospholipid mixture was dried under a gentle stream of argon. The tube was set
at an angle so that the phospholipids form a thin film on the side of the tube. The
gas stream was sufficiently slow not to blow any of the solution out of the tube.
To the tube of dried phospholipids, 1mL of freshly prepared 50mM pH 7.4 PBS
solution was added at room temperature. The solution was vortexed vigorously to
completely solvate the dried phospholipids in buffer. Then the sample in the test
tube was incubated for 30 min at 37 °C. After the sample was fully hydrated
(cloudy homogenate), it was loaded into a gas-tight syringe and carefully
attached to one end of a mini-extruder. An empty gas-tight syringe was attached
to the other end of the mini-extruder. If the empty syringe’s plunger is set to zero,
the syringe will fill automatically as the lipid is extruded through the membrane.
The plunger of the filled syringe was gently pushed until the lipid solution was
completely transferred to the initially empty syringe. Then the plunger of the latter
syringe was gently pushed to transfer the solution back to the original syringe.
The last two steps were repeated usually 5 times (total of 10 passes through
membrane). The filled syringe was removed from the extruder and the lipid
solution was transfered into a pre-hydrated dialysis bag.

Clean up. The contaminated glassware was cleaned with acetone and

water. The washing acetone was placed in the proper radioactive liquid (organic)



127

waste container, the washing water may be disposed of as sewer waste in a
designated sink if the combined amount of the sewer waste does not exceed the
20 pCi per day limit. A log of all sewer disposals was kept. All other wastes
generated in the procedure, including rubber gloves, pipette tips and glassware
were disposed of in a dry solid radioactive waste container and held for pick-up
by the DOES. A “wipe-test” was performed to survey the working area to make
sure it was “clean”, if not, any contaminated area was cleaned immediately after
the experiment.

Reaction of liposomes with ON. The liposomes were dialyzed for 3 days
at 37 °C against 0.1M pH 7.4 PBS (6 x 20 mL). The buffer was changed every 12
h. Aliquots (1mL) from the outer buffer were removed before changing the buffer,
mixed with the standard amount of scintillation fluid and analyzed by liquid
scintillation counting. The radioactivity detected outside was not distinguishable
from the background level (35-40 DPM). Then oxononanal (6.2 mg, 38 pmol) in
0.5 mL of absolute ethanol was added to a freshly prepared PBS buffer (0.1M).
Aliquots (1mL) from the outer buffer were removed at 6, 12, 24,48 ant 72 h
mixed with the standard amount of scintillation fluid and analyzed by liquid
scintillation counting. After 72 hours, an aliquot from the outer buffer was
subjected to ELISA analysis to detect the pentylpyrrole epitope. Another aliquot
was treated with MeONH3"CI (20 uM), at room temperature for 3 hours, and
then subjected to ELISA analysis to detect the pentylpyrrole epitope.

Exposure of liposomes to autoxidizing AA. Rradiolabeled liposomes

were dialyzed for 3 days at 37 °C against pH 7.4 PBS (6 x 20 mL)(0.1M). The
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buffer was changed every 12 h. Aliquots (1mL) from the outer buffer were
removed before changing the buffer, mixed with the standard amount of
scintillation fluid and analyzed by liquid scintillation counting. The radioactivity
detected outside was around the background level (35-40 DPM). Then the buffer
was changed with one containing 8 uM AA, 20mM Na ascorbate and 0.8 mM
FeSO,4 7H,0in PBS buffer (10mM). Aliquots (1mL) from the outer buffer were
removed at 6, 12, 24, 48 ant 72 h mixed with the standard amount of scintillation
fluid and analyzed by liquid scintillation counting. The radioactivity detected
outside was around the background level (35-40 DPM). After 72 hours the
outside solution was replaced with a new PBS buffer (0.1M), and the vesicles
were dialyzed for 3 days at 37 °C against 0.1M pH 7.4 PBS (3 x 20 mL). After 72
hours, an aliquot from the solution inside the dialysis bag was subjected to ELISA
analysis to detect the pyrrole epitope.

Enzyme-linked immunosorbent assay (ELISA). Each well of a 96-well
microplate was coated with 4-ON-BSA (100 pL). This coating agent was
prepared by diluting a PBS stock solution containing 0.11 mM 4-ON-BSA (2200
pmoll/well) to an appropriate concentration with PBS (283.75 pmol/well). For
standard and each inhibitor, up to eight serial dilutions, a blank and a positive
control containing no inhibitor were run. The plate was covered with a plastic lid
and placed in an incubator at 37 °C for 1 h, and then allowed to cool to room
temperature. After discarding the supernatant, each well was washed with pH 7.4
PBS (3 x 300 uL) and then blocked by incubating 1 h at 37 °C with 300 uL of 1%

chicken egg ovalbumin (CEO) in pH 7.4 PBS. After cooling to room temperature,
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the supernatant was discarded and the wells were rinsed with 0.1% CEO in pH
7.4 PBS (300 pL). For each sample and the ACA-ON-BSA standard, the
undiluted sample solution and aliquots (150 pL) of up to eight 1:0.3 serial
dilutions with pH 7.4 PBS or the standard were incubated in test tubes at 37 °C
for 1 h with the ON-KLH antibody solutions (150 pL). The antibody solution was
prepared by adding 0.2% CEO in pH 7.4 PBS (1:100 dilution for anti ON-KLH).
Blank wells were filled with 0.2% CEO in pH 7.4 PBS (100 uL). Positive control
wells were filled with the antibody solution (50 yL) and 0.2% CEO solution (50
bL). To the rest of the sample wells, aliquots (100 L, containing 50 uL of sample
solution and 50 uL of the antibody solution) of the serial dilutions of antibody-
antigen complex were added. The plate was then incubated at room temperature
on a shaker for 1 h. After discarding the supernatant, the wells were washed with
0.1% CEO (3 x 300 uL), and then goat anti-rabbit IgG-alkaline phosphatase
solution (100 pL) was added to each well. This enzyme-linked second antibody
solution was prepared by diluting commercially available antibody solution (10
uL) with 1% CEO (10 mL). The plate was then incubated at room temperature for
1 h while gently swirling on a shaker. After discarding the supernatant, the wells
were washed with 0.1% CEO (3 x 300 pL). To each well was then added a
solution (100 pL) of disodium p-nitrophenyl phosphate (10 mg) in water (11 mL,
pH adjusted to 9.6 using NaOH) containing glycine (50 mM) and MgCl, (1 mM).
The plate was then incubated at room temperature for about 1 h until the
absorbance levels reached an appropriate level (0.6-0.7). A diagram of the

ELISA chromophore generation is shown in Figure 4.3. The developing process
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was terminated by adding 3 N NaOH (50 yL) to each well before measuring the
final absorbance values. The absorbance in each well was measured with a Bio
Rad 450 microplate reader using dual wavelength with detection at 405 nm

relative to 655 nm.

substrate (p-nitrophenylphosphate)

chromophore (p-nitrophenolate)

> enzyme-linked 2nd antibody
(goat anti rabbit IgG-alkaline phosphatase)
> 1st antibody (here: anti EPC-KLH)

> coating agent (antigen of 1st
antibody)

Figure 4.6. Schematic representation of ELISA.

Absorbance values for duplicate assays were averaged and then scaled
such that the maximum curve fit value is close to 100 percent. The averaged
and scaled percent absorbance values were plotted against the log of
concentration. Theoretical curves shown for each plot were fit to the absorbance
data with a four parameter logistic function, f(x) = (a-d)/[1+(x/c)*b]+d using
SigmaPlot® 2001 from Jandel Scientific Software, San Rafael, CA. Parameter a
= the asymptotic maximum absorbance, b = slope at the inflection point, ¢ = the
inhibitor concentration at the 50% absorbance value (ICsq, reported in Tables
4.1-4.5, vide infra), and d = the asymptotic minimum absorbance. If necessary,
constraints were placed on the parameters, usually the values for "a" and/or "d".
A Cartesian graph was then created that shows plots of the experimental data

(points) and calculated curves.
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Table 4.1 ELISA data for ON in Figure 4.3 (page 120).

pmol/well Absorbance % Parameters Curve fit
Absorbance

238.75 5.0000e-3 0.61 96.60 0.23
71.625 0.0140 1.71 1.65 1.75
21.488 0.0600 7.32 45.46 10.58
6.44 0.3920 47.81 9.9056e-9 45.53
1.93 0.6730 82.07 83.66
0.58 0.7530 91.83 94.58
0.17 0.7600 92.68 96.32
0.05 0.8490 103.54 96.56

Table 4.2 ELISA data for methoxime derivative in Figure 4.3 (page 120).

pmol/well Absorbance % Parameters Curve fit
Absorbance

238.75 0.6960 92.80 99.77 92.30
71.625 0.7120 94.93 1.24 98.73
21.488 0.8080 107.73 11994.85 100.31
6.44 0.7730 103.07 1.00 100.67
1.93 0.7520 100.27 100.75
0.58 0.7470 99.60 100.77
0.17 0.7550 100.67 100.77
0.05 0.7200 96.00 100.77

Table 4.3 ELISA data for liposome reaction with ON in Figure 4.4 (page 121).

pmol/well Absorbance % Parameters Curve fit
Absorbance

238.75 0.2300 30.91 100.70 31.34
71.625 0.4600 61.83 1.00 60.49
21.488 0.6252 84.03 786.81 84.04
6.44 0.6830 91.80 0.19 95.17
1.93 0.7050 94.76 99.11
0.58 0.7780 104.57 100.35
0.17 0.7750 104.17 100.73
0.05 0.7440 100.00 100.85
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Table 4.4 ELISA data for liposome reaction with ON after adding the methoxime

in Figure4.4 (page 121).

pmol/well Absorbance % Parameters Curve fit
Absorbance
238.75 8.9000e-3 1.66 99.77 2.71
71.625 0.0780 14.58 1.46 10.16
21.488 0.1900 35.51 112.77 37.89
6.44 0.4210 78.69 1.00 78.13
1.93 0.5210 97.38 95.97
0.58 0.5640 105.42 99.90
0.17 0.5060 94.58 100.62
0.05 0.5350 100.00 100.74

Table 4.5 ELISA data for liposome reaction with ON after adding methoxylamine

in Figure 4.4 (page 123).

pmol/well Absorbance % Parameters Curve fit
Absorbance
238.75 0.0030 0.61 98.60 0.28
71.625 0.0180 1.71 7.65 2.75
21.488 0.05900 7.32 44 .46 11.58
6.44 0.4250 48.81 0.002 42.53
1.93 0.6830 82.07 88.68
0.58 0.8730 91.83 93.58
0.17 0.7800 92.68 95.382
0.05 0.9740 103.54 97.56
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Part B. Total synthesis of analogues of HODA-PC and HOOA-PC
4.5. Background for Part B

In the Salomon lab a variety of oxidized phospholipids were prepared’®,'®
inspired by the conviction that such compounds should be produced in vivo in
analogy with the free radical-induced oxidative generation of HNE. In
collaborative studies, these phospholipids were detected in vivo and some
biological properties were elucidated.'"'®

Recent studies implicated the scavenger receptor CD36 in a number of
physiological and pathophysiological processes in vivo that involve cell types
expressing CD36 and CD36 ligands. CD36 belongs to the family of proteins that
has a role in cell adhesion and serve as lipid receptors.'®?° CD36 ligands
include: long chain fatty acids,?' anionic phospholipids,?*?*?* LDL oxidized by
copper (Cu®*-oxLDL),%"% or by myeloperoxidase-generated reactive nitrogen

2930 and shed

species (NO,-LDL),?® apoptotic cells,?” collagen,?® thrombospondin,
photoreceptor outer segments.®’ NO,-LDL is avidly taken up and degraded by
macrophages, leading to massive cholesterol deposition and foam cell formation,
an essential step in lesion development. Furthermore, the scavenger receptor
CD36 mediates recognition of NO,-LDL.

A number of studies demonstrated that CD36 participates in lipid
accumulation and macrophage foam cell formation in vitro and in vivo.323%3

suggesting that CD36 promotes atherosclerosis. A recent study in CD36

knockout mice confirmed a critical role for CD36 in atherogenesis.*® Even though
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interaction of oxidized LDL with CD36 is well documented, the exact molecular
structure(s) of the CD36 ligand(s) in oxidized LDL remain ill defined.
In collaborative studies, the Salomon group identified four major

structurally related oxidized phospholipids'® with CD36 binding activity (Figure

4.7).
O O
7% o )
OH
O HO HO

6] { /

/ /

o \ O

HOOA KOOA HOdIA HOdIA HODA  KODA HOdIA KOdiA NdiA H(O)T HNE‘
Block Binding of NO,-LDL to CD36 Weak Block Binding of NO,-LDL to CD36

Figure 4.7. Lipid oxidation products and their ability to block binding of NO,-LDL

to CD36.

Comparison with a variety of structurally diverse analogues that showed
no binding activity (Figure 4.7) revealed that the active compounds all have a sn-
2 acyl group that incorporates a terminal y-hydroxy(or oxo) a.,p-unsaturated
carbonyl. The eight active compounds all showed half-maximal inhibitory
concentrations below 1 yM. However, the mechanism by which these oxidized
phospholipids bind to the CD36 is not well understood. In order to elucidate the
role of different parts of the oxidized chain in the binding to CD36, syntheses of
four analogues of the active HODA-PC and HOOA-PC were developed. In this

chapter the syntheses of these analogues will be described.
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4.6. Results and Discussion

The strategy was to exploit the routes already developed in our lab for the
syntheses of 2-(5-hydroxy-8-oxooctanoyl)phosphatidylcholine (HOOA-PC) and 2-
(9-hydroxy-12-oxododecanoyl)phosphatidylcholine (HODA-PC)' and to modify
these routes for making analogues of these phospholipids which would be tested
for their ability to block binding of NO,-LDL at CD36. Four analogues 4.8-4.11
(Scheme 4.5) of the y-hydroxy(or oxo) a.,B-unsaturated aldehydes HOOA-PC and
HODA-PC were envisioned to be readily accessible by minor modifications of the

routes previously developed for the synthesis of the parent aldehydes."

X
o o) CysH34
_ o)
O n 3 ®
OH O ng(O/\/N(CHe,)?,
4.8 n=3 O
4.9 n=7 L
o C15HS1
o~ n ©

®
OH O 8:?(8/\/ N(CHz);

N=3.7" 410 n=3

4.11 n=7

Scheme 4.5. The proposed structure for HOOA-PC and HODA-PC analogues.

Because no precursors for HOOA-PC (4.21a) or HODA-PC (4.21b) were
available, | first carried out a gram-scale synthesis to provide adequate amounts
of the various precursors required. Dr. Deng, a former student in our group,

developed the syntheses outlined in Scheme 4.6.
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%Q PhgPCHCHO,

g 2 ¢ NaHCO3, CH,Clp, NalOy, o o A o
OH © 84% 90%
12 4.13 4.14
I/ﬁ*OTBDMS, t-BulLi %Q DHP,PPTS, o)
Et,0, n-pentane, -78 °C O = CHyClp,rt. O =
— WOTBDMS 08% nod & OTBDMS
,nN= T
96% n=8 4.15an=4 OH 82%,n=8 4.16a n=4 OTHP
4.15b n=8 4.16b n=8
n-BuygNF, #Q %Q lyso-PC,DCC,DMAP,
THF,r.t. O - PD?t’DMF N CHClj, r.t.
98%,n=4 OH 58% n=4 \/MCOOH 89%,n=3
97%,n=8 p1ranca OTHP 80%n=8 OTHP 93%,n=7
A 1ro e 4.18a n=3
: 4.18b n=7
?LQ 1.AcOH/H,0, 40°C
: 2.Pb(OAc),, -78°C
= Co-PC (82;)‘;_3 0 CO-PC
o.n=
OTHP 86%.n=7 OH
4.20a n=3
B 4.21a n=3, HOOA-PC
4.20b n=7 4.21b n=7, HODA-PC

Scheme 4.6. Total syntheses of HOOA-PC (4.21a) and HODA-PC (4.21b).

My only modification of Deng’s method was in the steps for coupling the
aldehyde 4.14 with two different iodides (n = 4 and n = 8). Instead of the Grignard
reaction used in the original design, a lithium-halogen exchange reaction was
used. The yield of 1,2-addition product 4.15a was the same as in the original
design (97%), but the yield for the 4.12b was improved from 82% to 88%.
Commercially available solutions of t-BuL.i are relatively easy to handle and the
one-pot two-step procedure of lithium-halogen exchange and subsequent 1,2-
addition to aldehyde 4.14 is faster and cleaner than the corresponding sequence

that employs a highly exothermic Grignard reaction. Compounds 4.18a and
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4.18b are stable intermediates and can be stored under argon at — 80 ‘C. They
also served as precursors for the phosphatidylethanol amine analogues of 4.21a
and 4.21b. Dr Gugiu carried out syntheses of phosphoethanolamines in our lab,
and Dr. Podrez at Cleveland Clinic tested their ability to block binding of NO,-LDL
at CD36. The results are already reported.*

Having secured adequate amounts of the precursors 4.18a and 4.18b, the
synthesis of the analogues 4.8 and 4.9 was accomplished by only one extra step
from HOOA-PC and HODA-PC. The epoxidation of the double bond was done in
the last step, because the deprotection of the aldehyde and alcohol with lead
tetraacetate and acetic acid would have been too harsh for the epoxy ring, which
is usually stable to pH 3, but not below. The reaction was run for 30 min at room
temperature with a freshly prepared solution of dimethyl dioxirane in acetone
(Scheme 4.7). Even though typically all the transformations on the backbone of
the modified fatty acids are done before the coupling of the corresponding acid
with the commercially available lyso-PC owing to the difficulty of purifying the
resulting phospholipids, in this case the reactions were practically quantitative,

and rotary evaporation of the volatile byproducts afforded the pure compounds,

4.8 and 4.9.
o)
CI) o)
=
OMCO-PC OWCO-PC
OH 99%,n=3 OH

98%,n=7

4.20a n=3 4.8 n=3, epoxy-HOOA-PC

4.20b n=7

4.9 n=7, epoxy-HODA-PC

Scheme 4.7. Syntheses of epoxy-HOOA-PC and epoxy-HODA-PC.
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The route depicted in Scheme 4.8 was envisioned to generate the
analogues 4.10 and 4.11. Sufficient amounts of the precursors 4.15a and 4.15b
were prepared to allow the investigation of the best route to the cyclopropanes
4.22a and 4.22b. The cyclopropanation reaction with diethyl zinc and
diiodomethane was performed on a small scale and the NMR spectrum of the
crude product showed the disappearance of the double bond and the
appearance of peaks in the region where the signals from cyclopropane protons
should be (below 1ppm). The proposed route (Scheme 4.8) entails reactions
similar to the syntheses of HOOA-PC or HODA-PC, and the conversion of the
double bond to a cyclopropane ring is not expected to add any difficulties to the

synthesis. My colleague Bharathi Govindarajan will complete these syntheses.

d 2 d DHP,PPTS,
: ZnEty/CHyl, : CH,Clyr.t.
WOTBDMS \/\[>\(H=roTBDMS AR
4.15an=4 N 422an=4 "
4.15b n=8 4.22b n=8
WLO n-BugNF, WLO }LO
o : THF.rt. O, - ox. O_ =
OTBDMS ™~~~ = OH "™~ COOH
OTHP OTHP OTHP
}L 1.AcOH/H,0, 40 °C
lyso-PC,DCC,DMAP, Q 2.Pb(OAC),, 78 °C
CHCl3, rt. O = i i 4 1% 7
------------------ - CO-PC
OTHP
OWCO-P c 4.10 n=3, c-HOOA-PC
OH 4.11 n=7. c-HODA-PC

Scheme 4.8. Proposed syntheses of 4.10 and 4.11.
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4.7. Conclusion for Part B

Four analogues of HODA-PC and HOOA-PC were designed. Two of them,
epoxides 4.8 and 4.9, were expeditiously synthesized, and viable synthetic
routes to the remaining ones, cyclopropanes 4.10 and 4.11, were designed and
initiated. Completion of the latter synthesis is being pursued by another student.
Future biological evaluation of these analogues is planned through collaborative

efforts.
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4.8. Experimental Part for Part B

General methods: see Chapter 2 for NMR and chromatography. All
solvents were distilled under a nitrogen atmosphere prior to use. Methylene
chloride was freshly distilled over calcium hydride. Chloroform was dried over
phosphorus pentoxide. Tetrahydrofuran (THF) was freshly distilled over
potassium and benzophenone. All reaction flasks were flame dried under argon
before use. All materials were obtained from Aldrich or Acros unless otherwise
specified.

Chromatography was performed with ACS grade solvent (ethyl acetate
and hexanes). Thin layer chromatography (TLC) was performed on glass plates
precoated with silica gel (Kieselgel 60 F,s4, E. Merk, Darmstadt, West Germany).
R¢ values are quoted for plates of thickness 0.25 mm. The plates were visualized
with iodine or phosphomolybdic acid reagent.

2-(3-(3,3)-Dimethyl-2,4-dioxolanyl)prop-2-enal (4.14) was synthesized

according to the published protocol™

A 9.5 g supply of the aldehyde 4.14 was
made 'H NMR (300 MHz, CDCl3) 8 9.57 (d, J = 7.8 Hz, 1 H), 6.74 (dd, J = 15.7,
5.4 Hz, 1 H), 6.33 (ddd, J=15.7,7.8,1.2 Hz, 1 H), 4.77 (m, 1 H), 4.23 (dd, J =

15.6, 6.7 Hz, 1 H), 3.71 (dd, J = 6.7, 8.2 Hz, 1 H), 1.44 (s, 3 H), 1.40 (s, 3 H).
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1-(3,3-Dimethyl-2,4-dioxolanyl)-7-(1,1,2,2,-tetramethyl-1-

silapropoxy)hept-1-en-3-ol (4.15a).

}LO t-BuLi }LO

OMO + I/\/\/C)-I-BIDI\/ls—»'78 °C SN
97% 40TBDMS
4.14 4.15a OH

The iodide (1.4 g, 4.45 mmoles), dried by evacuation through a Dry Ice-
acetone trap on a vacuum pump overnight, was dissolved in 12 mL of freshly
distilled ether and cooled at -78 °C. A solution of t-BuLi (5.5 mL, 9.8 mmoles)
was added dropwise over 5 min. The cooling bath was removed for 1 h. Then the
mixture was cooled again to -78 ‘C and the aldehyde 4.14 (0.68 mg, 4.38
mmoles) in 3 mL of dry ether was added dropwise. After removing the bath again
and stirring for another 30 min, the reaction was quenched by addition of
saturated aqueous NH,CI, then extracted with ethyl acetate, and dried with
sodium sulfate. The solvent was removed with a rotary evaporator. The residue
was purified by flash chomatography on a silica gel column (25 % ethyl acetate in
hexanes, TLC: Rf = 0.21) to give 4.15a (2.25 g, 97%); 1H NMR (300 MHz,
CDCI3) 6 5.81 (ddd, J = 15.4, 5.8, 2.7 Hz, 1 H), 5.65, 5.64 (ddd, J = 15.4, 6.9, 3.3
Hz, 1 H), 4.49 (td, J = 7.5, 6.8 Hz, 1 H), 4.12 (m, 1 H), 4.075, 4.082 (dd, J = 8.1,
6.2 Hz, 1 H), 3.50-3.65 (3 H), 1.4-1.6 (12 H), 1.39 (s, 3 H), 1.35 (s, 3 H), 0.89 (s,
9 H), 0.02 (s, 6 H).

1-(5-(2-Oxanyloxy)-7-(3,3-dimethyl-2,4-dioxolanyl)hept-6-enyloxy)-
1,1,2,2-tetramethyl-1-silapropane (4.16a) was synthesized according to the

published protocol.”® A 2.5 g supply of 4.16a was stocked after all the
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experiments were done. "H NMR (300 MHz, CDCls) & 5.50-5.86 (2 H), 4.55-4.68
(m, 1 H), 4.45-4.55 (m, 1 H), 4.0-4.12 (2 H), 3.82 (m, 1 H), 3.48-3.65 (3 H), 3.45
(m, 1 H), 1.3-1.9 (12 H), 1.40 (s, 3 H), 1.37 (s, 3 H), 0.86 (s, 9 H), 0.02 (s, 6 H).
5-(2-Oxanyloxy)-7-(3,3-dimethyl-2,4-dioxolanyl)hept-6-en-1-ol (4.17a)
was synthesized according to the published protocol.” A 1.8 g supply of 4.17a
was prepared. 'H NMR (300 MHz, CDCls) & 5.50-5.85 (2 H), 4.42-4.66 (2 H),
3.88-4.14 (2 H), 3.80 (m, 1 H), 3.48-3.64 (3 H), 3.42 (m, 1 H), 1.3-1.9 (12 H),
1.39 (s, 3 H), 1.35 (s, 3 H).
5-(2-Oxanyloxy)-7-(3,3-dimethyl-2,4-dioxolanyl)hept-6-enoic acid

(4.18a) was synthesized according to the published protocol.™

A 0.8 g supply of
4.18a was prepared. '"H NMR (300 MHz, CDCls) 8 5.50-5.86 (2 H), 4.55-4.68
(m,1 H), 3.88-4.18 (2 H), 3.82 (m, 1 H), 3.55 (m, 1 H), 3.45 (m, 1 H), 2.35 (2t, J =
6.6, 7.5 Hz, 2 H), 1.4-1.8 (10 H), 1.40 (s, 3 H), 1.36 (s, 3 H).

Precursor 4.20a of 2-(9-hydroxy-12-oxododecanoyl)phosphatidyl-
choline was synthesized according to the published protocol.”™ "H NMR (300
MHz, CDCls) & 5.5-5.85 (2 H), 5.18 (m, 1 H), 4.5-4.65 (m, 1 H), 4.48 (td, J = 6.8,
6.4 Hz, 1 H), 4.15-4.42 (3 H), 4.0-4.1 (3 H), 3.92 (m, 2 H), 3.65-3.85 (3 H), 3.55
(m, 1 H), 3.43 (m, 1 H), 3.35 (s, 9 H), 2.24 (t, J = 7.6 Hz, 2 H), 2.27 (m, 2 H), 1.4-
1.9 (12 H), 1.39 (s,3 H), 1.35 (s, 3H), 1.22 (24 H), 0.85 (t, J = 6.8 Hz, 3 H).

2-(9-Hydroxy-12-oxododecanoyl)phosphatidylcholine (HODA-PC,
4.21a) was synthesized according to the published protocol.”™ 'H NMR (300

MHz, CDCl3) 6 9.53 (d, J = 7.7 Hz, 1 H), 6.85 (dd, J = 15.3, 3.7 Hz, 1 H), 6.28

(dd, J = 15.3, 8.2 Hz, 1 H), 5.22 (m, 1 H), 4.37 (m, 1 H), 4.1-4.35 (4 H), 3.99 (m,
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1H), 3.91 (m, 1 H), 3.75(m, 2 H), 3.30 (s, 9 H), 2.36 (m, 2 H), 2.26 (t, J = 6.2
Hz), 1.5-1.9 (6 H), 1.22 (24 H), 0.85 (t, J = 6.4 Hz).
1-(3,3-Dimethyl-2,4-dioxolanyl)-11-(1,1,2,2-tetramethyl-1-silapropoxy)-
undec-1-en-3-ol (4.15b).
}LO t-BuLi }LO

o - 0 A -78°C , O_ =
NN+ 17 BOTBDMS 859, V\/Y%OTBDMS

414 4.15b OH

The iodide (2.4 g, 6.48mmoles) in a flame dried flask, was further dried by
evacuation through a Dry Ice-acetone trap on a vacuum pump overnight, and
then dissolved in 20 mL freshly distilled ether and the solution was cooled to -78
°C. A solution of t-BuLi (7.9 mL, 13.3 mmoles) was added drowise over 5 min.
The cooling bath was removed for 1 h. The mixture was then cooled again to -78
°C and the aldehyde 4.14 (1g, 6.4 mmoles) in 5 mL of dry ether was added
dropwise. After removing the bath again and stirring for another 30 min, the
reaction was quenched by addition of saturated aqueous NH,CI, then extracted
with ethyl acetate, and the extract dried with sodium sulfate. The solvent was
removed with a rotary evaporator. The residue was purified by flash
chomatography on a silica gel column (30% ethyl acetate in hexanes, TLC: Rf =
0.24) to give 4.15b (2.2 g, 88%). A 0.4 g supply of 4.15b remained after all my
experiments were completed (vide infra). 1H NMR (300 MHz, CDCI3) 6 5.81 (dd,
J=15.3,5.9Hz, 1H),5.64 (m, 1H),4.49 (dd, J=13.8, 7.4 Hz, 1 H), 4.00-4.15
(2H),3.57 (t, J=6.5Hz, 2 H), 3.57 (dd. J = 6.5, 6.7 Hz, 1 H), 1.40-1.60 (6 H),

1.40 (s, 3 H), 1.35 (s, 3 H), 1.18-1.30 (8 H), 0.89 (s, 9 H), 0.02 (s, 6 H).
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1-(9-(2-Oxanyloxy)-11-(3,3-dimethyl-2,4-dioxolanyl)undec-10-
enyloxy)-1,1,2,2-tetramethyl-1-silapropane (4.16b) was synthesized according
to the published protocol.” A 1.1 g supply of 4.16b remained after all my
experiments were completed (vide infra). 'H NMR (300 MHz, CDCls) & 5.55-5.88
(2 H), 4.56-4.68 (m, 1 H), 4.50 (m, 1 H), 4.00-4.12 (2 H), 3.84 (m, 1 H), 3.57 (t, J
=6.6 Hz, 2 H), 3.55 (m, 1 H), 3.45 (m, 1 H), 1.4-1.9 (12 H), 1.40 (s, 3 H), 1.37 (s,
3 H),1.15-1.35 (8 H), 1.40 (s, 3 H), 1.37 (s, 3 H), 0.87 (s, 9 H), 0.02 (s, 6 H).

9-(2-Oxanyloxy)-11-(3,3-dimethyl-2,4-dioxolanyl)undec-10-en-1-ol
(4.17b) was synthesized according to the published protocol."® After all my
experiments were completed, a 0.3 g supply of 4.17b remained. "H NMR (300
MHz, CDCl3) § 5.50-5.85 (2 H), 4.64 (m, 1 H), 4.50 (m, 1 H), 4.06 (dd, J = 8.1,
6.3 Hz, 1 H), 4.06 (m. 1 H), 3.84 (m, 1 H), 3.61 (t, J = 6.6 Hz, 2 H), 3.55 (m, 1 H),
3.45(m, 1 H), 1.80 (m. 2 H), 1.65 (m, 2 H), 1.4-1.9 (8 H), 1.40 (s, 3 H), 1.37 (s, 3
H), 1.15-1.35 (8 H).

9-(2-Oxanyloxy)-11-(3,3-dimethyl-2,4-dioxolanyl)undec-10-enoic acid

(4.18b) was synthesized according to the published protocol.'

After all my
experiments were completed, a 0.8 g supply of 4.18b remained. "H NMR (300
MHz, CDCl3) 6 5.50-5.88 (2 H), 4.62 (m, 1 H), 4.49 (m, 1H), 4.04 (m, 3 H), 3.83
(m, 1 H), 3.54 (m, 1 H), 3.44 (m, 1 H), 2.35 (t, J = 7.4 Hz, 2H), 1.80 (m, 2 H), 1.4-
1.75 (8 H), 1.39 (s, 3 H), 1.36 (s, 3 H), 1.2-1.4 (8 H).

Precursor of 2-(5-hydroxy-8-oxooctanoyl)phosphatidylcholine

(HODA-PC, 4.20b) was synthesized according to the published protocol.’ 'H

NMR (300 MHz, CDCl3) & 5.5-5.85 (2 H), 5.17 (m, 1 H),4.54-4.67 (m, 1 H), 4.48
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(m, 1 H), 4.18-4.42 (3 H), 3.96-4.14 (3 H), 3.92 (3 H), 3.72-3.98 (m, 3 H), 3.53
(m, 1 H), 3.43 (m, 1 H), 3.35 (s, 9 H), 2.25 (m, 4 H), 1.4-1.9 (13 H), 1.39 (s,3 H),
1.37 (s, 3H), 1.22 (33 H), 0.85 (t, J = 6.4 Hz, 3 H).

2-(5-Hydroxy-8-oxooctanoyl)phosphatidylcholine (HODA-PC, 4.21b)
was synthesized according to the published protocol.” "H NMR (300 MHz,
CDCl3) 6 9.53 (d, J = 8.0 Hz, 1 H), 6.86 (dd, J = 15.5, 4.1 Hz, 1 H), 6.28 (ddd, J =
15.5,8.1, 1.3 Hz, 1 H), 5.19 (m, 1 H), 4.37 (m, 1 H), 4.32 (dd, J = 12.1, 3.2 Hz, 1
H), 4.1-4.35 (2 H), 4.11 (dd, J =12.0, 7.3 Hz, 1 H), 3.92 (dd, J = 6.1, 6.0 Hz, 2
H), 3.76 (m, 2 H), 3.32 (s, 9 H), 2.28 (m, 2 H), 2.25 (t, J = 7.5 Hz, 2 H), 1.45-1.70
(7 H), 1.3-1.5 (12 H), 1.22 (19 H), 0.85 (t, J = 6.5 Hz, 3 H).

4-(3-Formyloxiranyl)-4-hydroxybutyryl phosphatidylcholine (epoxy-

HOOA-PC, 4.8)
P 0
OWCO-PC OMCO-PC
OH 99%, OH
4.20a 4.8

A solution of dioxirane in acetone (2 mL, 58 mM)*’, was added dropwise to a
solution of 4.20a (6.3 mg, 0.01 mmol) in chloroform (1 mL) at room temperature.
The resulting mixture was stirred for an additional 30 min at room temperature.
The solvents were removed by rotary evaporation. The desired compound 4.8
was obtained in almost quantitative yield (6.3 mg, 99%) without further
purification. "H-NMR (300 MHz, CDCls,): 5 9.53 (d, J = 7.7 Hz, 1 H), 5.22 (m, 1
H), 4.37 (m, 1 H), 4.1-4.35 (4 H), 3.99 (m, 1 H), 3.91 (m, 1 H), 3.75 (m, 2 H), 3.63
(dd, 1H,J=6,J=6.1), 3.30 (s, 9 H), 3.26 (m, 1H), 2.36 (m, 2 H), 2.26 (t, J = 6.2

Hz), 1.5-1.9 (6 H), 1.22 (24 H), 0.85 (t, J = 6.4 Hz).
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8-(3-formyl-oxiranyl)-8-hydroxy-octanoyl phosphatidylcholine (epxy-

HODA-PC, 4.9)
CI)>< o}
OWCO-PC © OWCO-PC
OH 98%, OH
4.20b 4.9

A solution of dioxirane in acetone (1.5 mL, 62 mM)*’ was added dropwise
to the solution of 4.20b (6.2 mg, 0.009 mmol) in chloroform (1 mL) at room
temperature. The resulting mixture was stirred for an additional 30 min at room
temperature. The solvents were removed by rotary evaporation. The desired
compound 4.9 was obtained in almost quantitative yield (6 mg, 98%) without
further purification. "TH-NMR (300 MHz, CDCls,): "H NMR (300 MHz, CDCl3) &
9.53 (d, J=8.0 Hz, 1 H), 5.19 (m, 1 H), 4.37 (m, 1 H), 4.32 (dd, J =12.1, 3.2 Hz,
1H),4.1-4.35 (2 H), 4.11 (dd, 3 =12.0, 7.3 Hz, 1 H), 3.92 (dd, J = 6.1, 6.0 Hz, 2
H), 3.76 (m, 2 H), 3.63 (dd, 1H, J =6, J =6.1), 3.32 (s, 9 H), 3.26 (m, 1H), 2.28
(m,2H),2.25(t,J=75Hz 2H), 1.45-1.70 (7 H), 1.3-1.5 (12 H), 1.22 (19 H),

0.85 (t, J = 6.5 Hz, 3 H).
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Figure S 1. The 300 MHz *H NMR (CDCls) spectrum of 2-(8-bromo-octyloxy)-
tetrahydropyran (2.23).

Figure S 2. The 75 MHz **C NMR (CDCls) spectrum of 2-(8-bromo-octyloxy)-

tetrahydropyran (2.23).
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Figure S 3. The 300 MHz *H NMR (CDCls) spectrum of 2-(8-hydroxy-octyloxy)-
tetrahydropyran (2.21).
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Figure S 4. The 75 MHz *C NMR (CDCls) spectrum of 2-(8-bromo-octyloxy)-
tetrahydropyran (2.21).
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Figure S 5. The 300 MHz *H NMR (CDCls) spectrum of acetic acid, 11-
(tetrahydro-pyran-2-yloxy)-undec-2-enyl ester (2.24)
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Figure S 6. The 300 MHz *H NMR (CDCls) spectrum of acetic acid, 11-hydroxy-
undec-2-enyl ester (2.25)
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Figure S 7. The 300 MHz *H NMR (CDCls) spectrum of 11-hydroxy-undec-9-
enoic acid (2.26)
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Figure S 8. The 75 MHz *C NMR (CDCls) spectrum of 11-hydroxy-undec-9-
enoic acid (2.26).
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Figure S 9. The 300 MHz *H NMR (CDCls) spectrum of 8-(3-hydroxymethyl-
oxiranyl)octanoic acid (2.27).
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Figure S 10. The 75 MHz **C NMR (CDCls) spectrum of 8-(3-hydroxymethyl-
oxiranyl)octanoic acid (2.27).



157

Figure S 11. The 300 MHz *H NMR (CDCls) spectrum of 8-(3-formyl-oxiranyl)-
octanoic acid (2.28)
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Figure S 12. The 75 MHz *C NMR (CDCls) spectrum of 8-(3-formyl-oxiranyl)-
octanoic acid(2.28).
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Figure S 13. The 300 MHz *H NMR (CDCls) spectrum of 8-[3-(3-oxo-propenyl)-
oxiranyl]-octanoic acid (2.17).

Figure S 14. The 75 MHz **C NMR (CDCls) spectrum of 8-[3-(3-oxo-propenyl)-
oxiranyl]-octanoic acid (2.17).
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Figure S 15. The 300 MHz *H NMR (CDCls) spectrum of 1-palmitoyl-2-(13-oxo-
9,10-trans-epoxy-octadeca-11-enoyl)-sn-glycero-3-phosphatidylcholine (2.20).
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Figure S 16. The 75 MHz **C NMR (CDCls) spectrum of 1-palmitoyl-2-(13-oxo-
9,10-trans-epoxy-octadeca-11-enoyl)-sn-glycero-3-phosphatidylcholine (2.20).
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Figure S 17. The 300 MHz *H NMR (CDCls) spectrum of 2-(11-hydroxy-9-
undecynyloxy)tetrahydropyran (3.20).

Figure S 18. The 75 MHz *C NMR (CDCls) spectrum of 2-(11-hydroxy-9-
undecynyloxy)tetrahydropyran (3.20).
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Figure S 19. The 300 MHz *H NMR (CDCls) spectrum of 2-(11-hydroxy-9(Z)-
undecenyloxy)tetrahydropyran (3.17).
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Figure S 20. The 300 MHz *H NMR (CDCls) spectrum of acetic acid, 11-
tetrahydropyran-2-yloxy)-2(Z)-undecenyl ester (3.21).
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Figure S 21. The 300 MHz *H NMR (CDCls) spectrum of acetic acid, 11-hydroxy-
2(2)-undecenyl ester (3.22).
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Figure S 22. The 300 MHz *H NMR (CDCls) spectrum of 11-hydroxy-9(Z)-
undecenoic acid (3.23).
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Figure S 23. The 75 MHz *C NMR (CDCls) spectrum of 11-hydroxy-9(Z)-
undecenoic acid (3.23).
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Figure S 24. The 300 MHz *H NMR (CDCls) spectrum of 8-(3-
hydroxymethyloxiranyl)-octanoic acid (3.24).)
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Figure S 25. The 75 MHz **C NMR (CDCls) spectrum of 8-(3-
hydroxymethyloxiranyl)-octanoic acid (3.24).

Figure S 26. The 300 MHz *H NMR (CDCls) spectrum of 8-(3-
formyloxiranyl)octanoic acid (3.25).
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Figure S 27. The 75 MHz *C NMR (CDCls) spectrum of 8-(3-
formyloxiranyl)octanoic acid (3.25).

Figure S 28. The 300 MHz *H NMR (CDCls) spectrum of 13-0x0-9,10-cis-epoxy-
11(E)-tridecenoic acid (3.16).
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Figure S 29. The 75 MHz *C NMR (CDCls) spectrum of 13-0x0-9,10-cis-epoxy-
11(E)-tridecenoic acid (3.16).

Figure S 30. The 75 MHz *C NMR (CDCls) spectrum of 13-0x0-9,10-cis-epoxy-
11(E)-tridecenoic acid (3.16).
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Figure S 31. The 300 MHz *H NMR (CDCls) spectrum of 4-(3-formyloxiranyl)-4-
hydroxybutyryl phosphatidylcholine (4.8).
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Figure S 32. The 300 MHz *H NMR (CDCls) spectrum of 8-(3-formyl-oxiranyl)-8-
hydroxy-octanoyl phosphatidylcholine (4.9).
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Figure S 33. The 300 MHz *H NMR (CDCls) spectrum of the crude 4.22b.
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Statistical data analysis for rat retina MS analyses

Each sample from a rat retina was analyzed by LCMS in duplicates. For each
rat were analyzed 4 samples (2 for each retina). The amount of each analyte
guantified in rat retina samples was calculated as follows

na = y/(nsy)(a)(EE)

na = mole analyte, y = peak area ratio (analyte/internal standard), a = from
calibration curves (y = ax), ngt = moles of internal standard used, EE = extraction
efficiency.

The data generated using the above formula, employing the calibration curve
eqguations and extraction efficiencies was treated statistically as follows.

Mean and standard deviation per animal
An average (mean) was calculated for each animal with the formula:
> A

AVERAGE = -—,
n

A = the amount of analyte in each sample (ng or nmol) analyzed in
quadruplicates (AVERAGE = mean amount per animal), and n = sample, 1-4.

For each animal was calculated a standard deviation with the formula:

2
ny A’ —(Z Aj
STDEV = n . ,

n(n-1)
A = amount of analyte per sample, and n = 1-4 (the total number of samples
analyzed per animal).

Mean and standard deviation per group of animals analyzed (5 rats)
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An average per group of animals was calculated with the formula:

ZA
AVERAGE = ",
n

A = the amount of analyte in each sample and n = 1 — 20 (the total number of
samples analyzed).

A standard deviation for these data was calculated with the formula:

soee| EAAE"

A = amount of analyte per sample, and n = 1-20 (the total number of samples
analyzed).

All data was analyzed using Microsoft Excel 2000.
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