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ABSTRACT

Intake and serum levels of B-carotene have inverse associations with cancer risk.
Previous research indicates chemopreventive actions may be due to antioxidant
properties. Photooxidation reactions are an important source of reactive oxygen species.
Photosensitizers can damage tissue by catalyzing the formation of oxyradicals and singlet
oxygen ('0,). B-Carotene efficiently quenches 'O, catalytically via a physical reaction.
However, concomitant chemical reactions during photosensitized oxidations consume
B-carotene.

This dissertation is a study of B-carotene antioxidant mechanisms in solution and
phospholipid membrane models of photooxidation. Photosensitized oxidation of
B-carotene in solution yielded products analyzed by reverse-phase HPLC, UV-vis
spectrophotometry, and mass spectrometry. These products were identified as B-ionone,
B-apo-14'-carotenal, B-apo-10'-carotenal, f-apo-8'-carotenal, and the novel product
B-carotene-5,8-endoperoxide, which was determined to be a specific marker for 'O,
oxidation of B-carotene.

To study the effect of B-carotene and other agents on photooxidation, an isotope
dilution GC-MS assay was developed which quantitatively distinguishes 'O,-mediated
and radical-mediated lipid peroxidation products resulting from photosensitized oxidation
of dilinoleoylphosphatidylcholine liposomes. This unique assay utilizes quantitative

standards of 9- and 10-hydroxyoctadecadienoate and was used to generate



“photooxidation profiles” of the photosensitizers methylene blue, Rose Bengal, and
tetraphenylporphine.  These profiles indicate a shift from Type II to Type I
photooxidation mechanisms in later stages.

In the liposome system, B-carotene successfully inhibited both 'O,-mediated and
radical-mediated lipid peroxidation at early stages but was less effective at later stages.
Production of radical-mediated products increased faster than 'O,-mediated products at
later stages even though 40% of the initial B-carotene was present after 4 h. B-Carotene-
5.8-endoperoxide was not detected in this system. Equimolar o-tocopherol was
ineffective in inhibiting lipid peroxidation, however, a 10-fold increase in a-tocopherol
concentration inhibited almost all radical-mediated lipid peroxidation as well as early-
stage 'O,-mediated lipid peroxidation. Cumene hydroperoxide stimulated radical-
mediated lipid peroxidation. Type II photooxidation products may enhance Type I
mechanisms. B-Carotene was shown quantitatively to suppress photooxidation by
inhibiting Type II mechanisms alone. Since B-carotene may prevent tissue damage due to
photooxidation, an understanding of the mechanisms involved will be important in

maximizing its protective effects.
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CHAPTER 1

INTRODUCTION

Throughout modern history, scientists have studied the role of dietary factors in
the cause and prevention of disease. For years, the Recommended Dietary Allowances
(RDA) served as a national guideline for minimum recommended intakes of specific
nutrients. These guidelines, revised in 1989, were originally set based on minimum
levels of known nutrients required to prevent deficiency syndromes.! Additional
emphasis has been placed not only on required minimums, but also on nutrients which are
associated with the cause or prevention of diseases not due to overt clinical deficiency’
(e.g., excessive intake of dietary fat is known to increase risk for coronary heart disease).

This emphasis on prevention and preventive agents is seen in basic research on
diseases such as diabetes, cataracts, birth defects, heart disease, and cancer. While
research on treatment modalities for these diseases has progressed, successful prevention
is a much more satisfying approach. Chemoprevention is the strategy of using natural or
synthetic agents to prevent disease processes. In order to identify authentic
chemopreventive agents, several types of studies are required.  Observational
epidemiological studies of diet and disease have uncovered many potential
chemopreventive agents. Intervention trials with these agents describe their effects on the
population. Basic research on disposition, toxicity, and mechanisms is required to

describe the preventive potential of these agents. This type of research is invaluable



because it can lead to modified and better agents, as well as the discovery of new
mechanisms for disease prevention.

The dietary component pB-carotene has been identified as a potential
chemopreventive agent due to its association with reduced cancer risk in some
epidemiological studies.’” The mechanism for this effect is still not fully understood.
Discovery of chemopreventive mechanisms of p-carotene and similar compounds may
aid in the design of early detection methods, more efficacious preventive agents, and
therapeutic aids. The research presented in this dissertation contributes mechanistic
studies on P-carotene. specifically its involvement in photooxidative processes and
reactions with singlet oxygen. Since this research focuses on [-carotene/oxygen
interactions, the introduction provides a discussion on [-carotene biochemistry,
epidemiological studies, prior mechanistic research, and the chemistry of reactive oxygen

species involved in photooxidative damage in living systems.
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Biochemistry of p-Carotene

The provitamin A compound B-carotene (Figure 1.1) is one of a large family of
conjugated biochemical polyenes called carotenoids. of which almost 600 have been

identified and characterized.’

Figure 1.1. All-trans-B,B-Carotene with standard numbering scheme

Carotenoids derive their name from their main representative- B-carotene, first isolated
from carrots in 1831 by Wackenroder.” This well-known nutrient is extremely important
in nature and exerts a variety of biological functions (Figure 1.2). B-Carotene originates
only in plant sources, and is the ultimate source of vitamin A for all animals. B-Carotene
is metabolized by animals and humans to vitamin A, a general term for a class of
compounds called retinoids. The term vitamin A is usually identified with retinol (Figure
1.3). Of all the carotenoids, B-carotene is the most biologically active as a vitamin A
precursor. Another interesting function of B-carotene is its ability to act as an antioxidant
in certain environments. An antioxidant is a compound which stops or significantly

slows oxidation by reactive oxygen species such as oxygen free radicals or non-radical
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singlet oxygen. It has been proposed that B-carotene may reduce the risk of cancer in

humans due to its antioxidant behavior.®

Photosynthesis
Photoprotection Vitamin A Precursor

Natural Pigment Inhibits Rodent Tumors

Antioxidant Cell-Cell Communication

Prooxidant? Immunomodifier

Inhibits Genotoxicity in vitro

Figure 1.2. Functions and actions of B-carotene

Past and present research in this area will hopefully determine the utility of
B-carotene as a chemopreventive agent. Previous research on possible links between the
antioxidant behavior of P-carotene and cancer prevention has raised important
mechanistic questions: Under what conditions does [-carotene act as an antioxidant?
How is this antioxidant behavior detected and measured? What specific types of
oxidative damage may be prevented? These questions need to be answered before it can
be determined whether or not the antioxidant behavior of B-carotene plays a role in

preventing or reversing what would otherwise be a carcinogenic event.
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Figure 1.3. All-trans-retinol. commonly referred to as vitamin A

Natural Function of Carotenoids in Plants

Carotenoids, of which B-carotene is only one of hundreds, are one of the most
important groups of natural pigments. It is estimated that more than 100 million tons are
produced annually in nature.” While carotenoids are found in both plants and animals.
only plants (and photosynthetic bacteria) can synthesize them de novo. Animals store
(and modify) carotenoids obtained from plant foods. Carotenoids are responsible for
plants’ bright colors, mainly in the yellow to red region of the visible spectrum. The
orange color of pumpkins and carrots, for example, is due to the presence of carotenoids.
Leaves on deciduous trees. green most of the year due to strongly absorbing chlorophylls,
change to carotenoid colors in autumn when chlorophyll is no longer produced.

Carotenoids have important functions besides providing color. Life in an oxygen
atmosphere would be impossible without them. In photosynthetic membranes.
carotenoids are found in chlorophyll-carotenoid-protein complexes, where they have a
dual role. First. they act as accessory pigments in photosynthesis. While chlorophylls

play the major role in photosynthesis, they are aided in maximizing light absorption by
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carotenoids, which absorb at different wavelengths than chlorophylls. Carotenoids
transfer additional absorbed light energy to chlorophylls, enhancing photosynthesis.’

The second, more important, photofunction of carotenoids is photoprotection. In
photosynthesis, chlorophyll acts as a photosensitizer absorbing visible light and
converting it to energy. In this excited state, chlorophyll can initiate redox reactions
important in the reduction of CO, to carbohydrates. Alternatively however, chlorophyll
may transfer excess energy to oxygen, forming highly reactive and destructive singlet
oxygen. Carotenoids can harmlessly quench singlet oxygen by absorbing the excess
energy before it damages the cell. This photoprotective effect was demonstrated in 1956
by Sistrom et al..* who showed that a blue-green carotenoid-less mutant strain of the
purple sulfur photosynthetic bacterium Rhodopseudomonas spheroides died in the
presence of oxygen and light while the wild type survived. These experiments illustrate
how carotenoids act as “plant firefighters” in photosynthesis.  This type of
photoprotection by carotenoids prefaced the antioxidant hypothesis for putative

chemopreventive effects of B-carotene.

Occurrence

B-Carotene is widely distributed in nature, but is not as common in bacteria and
fungi as some other carotenoids. It appears in large amounts in most green and yellow
fruits and vegetables, and is often associated with smaller amounts of a-carotene and
trace amounts of y-carotene.’ B-Carotene is found in high concentrations in carrots, sweet

potatoes. spinach. and collard greens (Table 1.1). B-Carotene in combination with the
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hundreds of other carotenoids is responsible for many of the rich colors found in insects,
birds, fish. and other animals. While non-nutrient carotenoids such as fucoxanthin and
lutein vastly outweigh P-carotene in abundance, f-carotene is the most widely studied

carotenoid due to its wide distribution and provitamin A activity.

Table 1.1. B-Carotene content of various vegetables grown in the United States

Vegetable pg B-carotene/g fresh wt
Asparagus 1.6 - 4.0

Beet Greens 21.8

Broccoli 43 - 78
Carrots* 584 - 115.0
Green Pepper 6.8 - 109
Lettuce 83

Spinach 37.7- 532
Squash 21.5- 804
Sweet Potatoes 54.0- 130.0

* Also contains 31.6 - 51.6 pg a-carotene
Source: Bushway'

Physical Characteristics
B-Carotene (Figure 1.1) is a symmetrical hydrocarbon molecule consisting of a
methyl-substituted 9-double bond conjugated polyene chain with a B-ionone ring on each
end, forming a total of 11 conjugated double bonds. This unusual structure is responsible
for the light absorbing characteristics, lipophilicity, and chemical reactivity of B-carotene.
B-Carotene is an isoprenoid compound (Figure 1.4), biosynthesized by tail-to-tail linkage
of two C,, geranylgeranyl diphosphate molecules followed by cyclization of the ends to

form the B-ionone rings."
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Isoprene

Figure 1.4. [soprene, and B-carotene divided into isoprenic units

The large number of double bonds means many different cis/trans stereoisomers
of B-carotene are possible. In practice, however, due to thermodynamic instability caused
by steric hindrances, B-carotene generally exists in the low-energy all-frans form with
only the 9-, 13-, and 15-cis isomers being of any significance (Figure 1.5). cis-Isomers
have lower UV/vis absorbances than trans, and have a characteristic absorption band 142
nm lower than the longest-wavelength maximum of their all-frans counterparts (known as
the “cis” peak).” While all-trans B-carotene is the most naturally abundant form,
isomerization can be catalyzed by certain wavelengths of light. the presence of acid, or

heat. Isomerization can also be caused by physical quenching of singlet oxygen."



Figure 1.5, cis Isomers of B-carotene

Due to the strong light-absorbing characteristics of B-carotene, ultraviolet and
visible light absorption spectroscopy (UV/vis) is invaluable in identification and
quantification of P-carotene. A typical UV/vis spectrum of B-carotene is shown below

(Figure 1.6). Due to the similar absorbances of B-carotene, its stereoisomers, and its
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oxidation products, UV/vis analysis of carotenoids should utilize the entire spectrum

instead of just the A, of the compound being monitored.

Absorbance

ngllllllll"llllllllllllll

0 250 300 350 400 450 500 550 600
nm
Figure 1.6. UV/vis spectrum of B-carotene ( ) and cis B-carotene ( — — — ~ ) in methanol/hexane
(90:10 v/v)
Vitamin A Activity

B-Carotene is converted to vitamin A in animals and some microorganisms.

While it is clear that this conversion occurs by cleavage of the molecule. it is unclear
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whether cleavage occurs centrally at the 15-15" double bond," to form 2 molecules of
retinal, or excentrically starting at the 7'-8’ double bond,"” to form small amounts of
B-apo-carotenals as well as retinal. A general metabolic scheme for biotransformation of

B-carotene and vitamin A activity is shown in Figure 1.7.

B-apo-Carotenals

B-Carotene

Retinoic Acid <=

. Retinal B-apo-Carotenoic Acids

Retinol

Retinyl Esters

Figure 1.7. In vivo metabolism of f-carotene

Toxicity
One of the distinguishing features of -carotene is its remarkable lack of toxicity.
This is important in planning clinical trials, since chemopreventive properties are of little
value if the agent has toxicities at doses required for chemoprotective benefit. The safety
of B-carotene is well-documented and reviewed by Bendich.'® Animal studies have

shown [B-carotene to be virtually non-toxic, with no effect on reproductive function or
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embryo development in rats, and no evidence of systemic toxicity in dogs supplemented
with up to 250 mg/kg/day for 2 years."” In humans, p-carotene has been successfully
used to treat erythropoietic protoporphyria at levels up to 180 mg/day, with no adverse
effects reported. The only side effect appears to be hypercarotenemia, a benign condition
due to high serum levels of B-carotene, manifested as a yellowing of the skin in patients

taking =30 mg/day. The condition is reversible on cessation of supplementation.'®

Free Radical Reactions
A large portion of B-carotene research has focused on reactivity with oxygen
radicals. Reaction of B-carotene with oxygen radicals forms B-carotene radicals, at least
as intermediates. These B-carotene radicals can be resonance-stabilized by electron
delocalization tolerated by the long conjugated polyene chain. Several types of
B-carotene radicals may exist. A radical cation could be formed by reaction with strong
oxidizing radicals such as nitrogen dioxide radicals (NO,e) in a polar medium'® (equation

1.1).

B-carotene + NO,» —> [B-carotene]” « + NO,” 1.1

In a non-polar medium it is more likely that reaction with radicals such as peroxyl

radicals (ROQe) occurs via hydrogen abstraction (equation 1.2).



[B-carotene]l-H + ROOe — [B-carotene]s + ROOH (1.2)

Direct addition of a radical species (Re) to the polyene chain without charge transfer or
hydrogen abstraction would result in the formation of a [B-carotene-radical adduct

(equation 1.3).

B-carotene + Re — R-f-carotenes (1.3)

Due to electron delocalization allowed by conjugation, additions may take place at
several carbons along the polyene chain. This can ease steric hindrances and allow
reaction of the B-carotene-radical adduct with another radical to form a non-radical

B-carotene-bis-adduct (equation 1.4).

R-B-carotenee + Re — R-f-carotene—R (1.4)

Antioxidant chemistry of B-carotene towards radicals is dependent on these types
of reactions. In order for P-carotene to have true antioxidant behavior in a cellular
environment, it must protect biomolecules from radical reactions both by a) forming a
more stable B-carotene radical of reduced reactivity, and b) facilitate radical-radical

termination reactions resulting in -carotene adducts.



B-Carotene has been described as an unusual antioxidant, in that its antioxidant
behavior is dependent on pO,. At low pO,, B-carotene appears to have antioxidant
behavior that is lost as pO, increases. B-Carotene readily autoxidizes at high pO,, and
may act as a prooxidant.® This is in contrast to other chain-breaking antioxidants such as
a-tocopherol (Figure 1.8), whose activities are not pO,-dependent. a-Tocopherol acts via
transfer of the phenolic hydrogen to radicals (equation 1.2), forming a stable
tocopheroxyl radical, which can be recycled or may trap another radical and rearrange to

harmless products.™

a-Tocopherol

Figure 1.8. Structure of a-tocopherol

The pO, dependence may be due to reversible addition of oxygen to B-carotene-
radical adducts, to form B-carotene-peroxy radicals which have a high oxidizing potential

(equation 1.5).

R-p-carotenee +0, 2 R-B-carotene—0O. (1.5)



Previous studies in our laboratory have shown that autoxidation product yields and
B-carotene consumption increase with pO, in the presence of free radicals generated by
thermolysis of azo-bis(2.4-dimethylvaleronitrile).* The dependence of B-carotene
autoxidation on pO, is important in determining antioxidant behavior in human tissues,
which exist mainly at low pO,. High pO, exists in tissue exposed to air. such as the
pulmonary epithelium, where prooxidant activity of f-carotene may be important.

Until recently, no oxidation products had been identified which could be
specifically linked to antioxidant activity of B-carotene towards free radicals. In 1996,
Liebler and McClure identified B-carotene bis-adducts that were shown to result from an
addition mechanism of alkyl or alkoxyl radicals, not peroxyl radicals.” These adducts

were deduced to be due to antioxidant reactions of B-carotene.

Singlet Oxygen Quenching

Singlet oxygen is an excited-state, non-radical form of molecular oxygen.
Molecular oxygen is an unusual molecule, in that it is actually a weak di-radical, with two
unpaired electrons existing in ©* antibonding orbitals. Almost all biomolecules exist in
the singlet state as non-radicals with spin-paired electrons. Thus, their reaction with
oxygen is spin-restricted. This spin restriction prevents us from spontaneously
combusting in an atmosphere of 21% oxygen. However, if sufficient energy is
transferred to an oxygen molecule. the unpaired electrons are promoted to a higher energy

state and become spin-paired in the same orbital to form singlet oxygen (equation 1.6).



0, + energy — 'O, (1.6)

This reaction is catalyzed by photosensitizers, which are compounds capable of
transducing energy from absorbed light to oxygen. Examples of photosensitizers include
chlorophyll. strongly absorbing dyes, and porphyrins.

Singlet oxygen is very reactive and may cause oxidative damage if left
unchecked. Potential singlet oxygen-mediated damage can be prevented by compounds
which “quench”™ the excess energy of singlet oxygen and return it to the ground state.
Quenching of singlet oxygen is reviewed by Foote.”* Quenching can occur through a
physical mechanism in which singlet oxygen is returned to the ground state with no
consumption of oxygen, i.e., the excess energy is absorbed by the quencher. Chemical
quenching can also occur, in which the quencher reacts with singlet oxygen to form an
oxidation product. B-Carotene was shown to be an effective quencher of singlet oxygen
by Foote and Denny in 1968.%

B-Carotene quenches singlet oxygen via physical (equation 1.7) and chemical
(equation 1.8) quenching with a total rate constant of 1.3 x 10" M sec”. with physical
quenching occurring at ~10* times the rate of chemical quenching (one B-carotene

oxidation product forms for every 10* molecules of singlet oxygen quenched).



B-carotene + 'O, — 30, + °B-carotene (1.7)

*B-carotene — pB-carotene + heat

B-carotene + 'O, — oxidation product(s) (1.8)

This activity was shown to be dependent on the number of conjugated double bonds in
the quenching molecule.”® The extensive conjugation of B-carotene allows it to dissipate
the excess energy of singlet oxygen along the polyene chain as vibrations with production
of heat. Physical quenching by B-carotene also results in isomerization of cis-isomers to
all-trans isomers."” Similar carotenoids with at least nine conjugated double bonds are
also excellent singlet oxygen quenchers. Lycopene (Figure 1.9) is the most efficient

singlet oxygen quencher known with a rate constant of 3.1 x 10" M sec™.”

Figure 1.9. Lycopene. the most efficient singlet oxygen quencher of all the characterized carotenoids.



Epidemiological Evidence: p-Carotene and Reduced Risk of Cancer

Observational epidemiological studies were the first type of evidence linking
B-carotene to reduced risk of certain types of cancer. Epidemiological research consists
of two types of studies. observational studies and intervention trials. Observational
studies may be retrospective (case-control) or prospective (cohort). In case-control
studies, dietary habits of subjects with (“case™) and without (“control™) cancer are
assessed retrospectively by questionnaire or interview. In cohort studies, a large group of
subjects free of disease are recruited and monitored for several years, with dietary habits
and/or blood concentrations of B-carotene compared between subjects who eventually
develop disease and those who do not. Intervention trials are controlled studies where
subjects (often at high risk for various types of cancer) are given a supplemental dose of
B-carotene and followed for subsequent development of disease. Results from all these
types of epidemiological studies are commonly expressed as risk ratios (relative risk) for
various types of cancer.”®

In 1981, Peto et al. recognized the potential link between dietary B-carotene and
cancer avoidance.’ Prior to this, many researchers were performing dietary surveys to
discover links between diet and cancer. Early studies (both prospective and retrospective)
in various populations showed an inverse correlation between “vitamin A” consumption
and cancer incidence. Many of the dietary questionnaires assumed “vitamin A” to be
both provitamin A carotenoids as well as retinol. Peto et al. recognized that in many of

the populations surveyed. the “vitamin A™ was coming mainly from plant sources, which
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do not contain retinol, but instead contain B-carotene (which is metabolized to retinol
in vivo). Since this realization, a substantial number of epidemiological studies on dietary

B-carotene have been performed.

Observational Studies

Nutrition researchers were excited to see an inverse correlation between
B-carotene and cancer risk in dozens of observational studies since 1981 (reviewed by
van Poppel and Goldbohm).”® The observational epidemiological studies related to B-
carotene and cancer at various sites are summarized in Table 1.2. Many of these studies
indicate that consumption of B-carotene-rich foods, or a high plasma [-carotene
concentration is advantageous in lowering the risk of certain types of cancer. The
strongest evidence was seen in cancers of the lung and cancers of the throat and mouth.
B-Carotene also appeared to be beneficial in lowering risk of breast cancer, stomach
cancer, and cancers of the female reproductive system. However, the association of
B-carotene and cancer risk was inconsistent in other sites studied, including the colon and

prostate.
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Table 1.2. Human observational studies on dietary and plasma B-carotene levels since 1981*

Site” Number of Studies Conclusion
Non-specific 9 ¥
2 3839 n
Lung 26 045 .
4 66-69 n
Breast 20 ™% +
8 90-97 n
Female Reproductive? 19 9816 +
6 H7I2 n
| 123 _
Throat and Mouth® 19 1+
2 (43,134 n
Digestive’ g ssusIs2 +
4 69.153-155 n
Colorectal 4 15619 .
8 69.160-166 n
Urinary* 3 1s206%168 .
4 169172 n
Prostate | 17 .
5 173178 n
| -
Skin | 180 .
2 181,182 n
Pancreas 5 1ss .
Glia | s n
Mesothelia ] 186 +
Lymphatic system 1w +

* Studies include both prospective and retrospective studies on various populations. In most cases. dietary B-carotene intake was
measured by indexing consumption of carotenoid-rich foods. In some studies. plasma B-carotene was determined directly.

® Incidence at the site may include biomarkers or presence of precancerous lesions as well as cancer.

* Associations of $-carotene in these studies are summarized as either beneficial (+). detrimental (-). or no effect (n). In no instance
can causality be determined.

¢ Includes studies on endometrial. cervical. vulvar, uterine. and ovarian regions

© Includes studies on esophageal. laryngeal. pharyngeal. and oral regions

? Includes studies on gastric and stomach regions

¥ Includes studies on bladder. urinary tract. and renal regions



The evidence for a possible chemopreventive effect of B-carotene was striking. It
was tempting at first to conclude that B-carotene reduces cancer risk, especially in the
lung. However, while consumption and plasma B-carotene may be associated with lower
risk, it was impossible to determine causality from the observational studies. Low plasma
levels of B-carotene in cancer patients may be artefactual or confounded by smoking,'*®
and consumption of carotenoid-rich foods may only indicate dietary habits which lower

risk due to other food or lifestyle components besides B-carotene.

Intervention Trials

Intervention trials were necessary to determine if supplemental B-carotene itself
could reduce cancer risk. However, these trials are very rigorous, time-consuming, and
expensive. Enormous sample sizes and high compliance are required to attain adequate
statistical power. Also, clinical endpoints must be measurable during the course (and
budget) of the study. These constraints generally mean that large-scale intervention trials
are only performed when confidence is high for the desired outcome. A causal role for
-carotene in reducing cancer risk seemed plausible due to proposed mechanisms such as
conversion to vitamin A,'® immune-enhancing effects,'”® enhancement of cell-ceil
communication.'’ and antioxidant activity.®

-Carotene became the subject of large clinical intervention trials (Table 1.3)
starting around 1985. Due to the results from the observational studies, many people
were optimistic that B-carotene would prove to have chemopreventive properties.

B-Carotene became a very “popular” nutrient as evidenced by marketing campaigns for
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foodstuffs “now supplemented with B-carotene”. However, results of the intervention
trials were inconsistent.

In 1988, Stich er al. reported that 180 mg/week B-carotene plus retinol caused
significant remission of precancerous oral leukoplakias, as well as inhibition of new
leukoplakias after 6 months in betel-quid chewers.'” This was supported by a similar
result in 1993 in a study of Uzbekistanian men receiving 40 mg B-carotene/day plus

1.'® These results implied chemoprotection by B-carotene, but

retinol and a—tocophero
did not lend direct evidence since the endpoint was leukoplakia and not oral cancer.
Direct evidence for chemoprotection was still lacking in 1990, when Greenberg er al.
reported that supplementation with 50 mg B-carotene/day for 5 years had no significant
effect on cancer recurrence in patients with previous nonmelanoma skin cancers.?”’

The first direct evidence of cancer inhibition involving B-carotene in humans was
reported by Blot et al. in 1993.** A large population in Linxian County, China, was
known to be at high risk for stomach and esophageal cancers, and also was known to
have a low intake of many micronutrients including B-carotene.”® Of the 29,584
participants, a statistically significant reduction in cancer mortality, especially stomach
cancer, was seen in the study group supplemented with a combination of B-carotene (15
mg). a—tocopherol (30 mg), and selenium (50 pg as selenium yeast) daily for 5.25 years.
This encouraging result increased optimism that [-carotene was acting as a

chemopreventive agent. However, protective effects cannot be attributed to -carotene

alone as it was administered concurrently with the other agents.



Table 1.3. Human intervention trials with B-carotene and cancer-related endpoints

Site Endpoint Effect*
Non-specific Cancer incidence, Mortality '*'** n
Lung Cancer '*'% T
Sputum atypia '* n
Sputum micronuclei '’ {
Throat and Mouth Oral leukoplakia '**'* A
Mucosal dysplasia ** de
Colorectal Adenoma "% n
Colonic cell proliferation ** n
Digestive Stomach cancer ** 4
Stomach, esophageal dysplasia ** n
Female Reproductive Cervical dysplasia ** n
Skin Nonmelanoma skin cancer **’ n
Lymphocytes Smoking-induced sister chromatid exchange **® n

* Effect of B-carotene represented as a statistically significant increase (T) or decrease (1) in endpoint indices. In some studies.
B-carotene had no effect (n).

b B-Carotene was co-administered with retinol and a-tocopherol'”™

or retinol alone.'”
€ Smokers vs. non-smokers
4 B-Carotene was co-administered with a-tocopherol and selenium

Less encouraging results from other B-carotene intervention trials were released
starting in 1994. In April, the results from the Alpha-Tocopherol. Beta-Carotene (ATBC)
Cancer Prevention Study were released. In a population of 29.133 Finnish male smokers
50 to 69 years of age randomly assigned to 50 mg/day a~tocopherol, 20 mg/day
B-carotene. both, or placebo; the authors reported an 18% increase in lung cancer and an

> Both results were

8% increase in total mortality in the B-carotene treatment group."
statistically significant, and this unexpected result raised the possibility that B-carotene

may have harmful effects, especially in smokers. In July of that same year, Greenberg
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et al. reported the results of the Polyp Prevention Study, in which 864 patients with a
history of colorectal adenoma, a colon cancer precursor, were randomly assigned either
25 mg B-carotene/day, 1 g vitamin C plus 400 mg vitamin E/day, both, or placebo. After
four years, none of the treatments affected the recurrence of polyps.” In 1995,
Maclennan et al. reported the same result in a similar trial in Australia.”'

In 1996 results of the last two major B-carotene clinical intervention trials were
released. In the Physician’s Health Study, 22,071 male physicians from the United States
were randomly assigned to receive either 50 mg P-carotene/day (alternate days) or
placebo for 12 years. No significant difference was seen between groups in terms of
cancer incidence or mortality.'”” In the Carotenoid And Retinol Efficacy Trial (CARET)
18,314 smokers, former smokers, and asbestos-exposed workers were randomly assigned
to receive 30 mg B-carotene plus 25,000 IU retinol (as retinyl palmitate)/day or placebo.
This trial was stopped 21 months early. As in the ATBC study, the treatment group had
statistically significant increases in both lung cancer (28%) and total mortality (17%)
after 4 vears.'”*

It is apparent from the completed intervention trials (summarized in Table 1.3)
that B-carotene supplementation did not appear to have the hoped-for chemopreventive
effects, and indeed may have had harmful effects, especially in the populations at high
risk for lung cancer. However, while the evidence from the clinical trials shows that
B-carotene supplementation is not beneficial in most of these high risk groups, it is still

possible that B-carotene has some biological role in cancer prevention. B-Carotene may



not be effective supplemented at high doses, yet may be beneficial in concert with other
carotenoids and micronutrients found together in green and yellow fruits and
vegetables.®™ Indeed it was shown that a mixed supplementation of B-carotene,
o~tocopherol and selenium was beneficial in a nutrient-deficient population in the
Linxian trials.

Taken as a whole, results of epidemiological studies of B-carotene and cancer risk
are puzzling. Most of the intervention trials indicate that B-carotene supplementation is
not beneficial in reducing cancer risk (and should indeed be avoided in groups at high
risk for lung cancer). However, a large proportion of the observational studies show that
intake and/or plasma levels of B-carotene have an inverse correlation with cancer risk.
Both types of trials have shortcomings. Observational studies do not show causality, are
subject to bias, and can be confounded by many variables. Large intervention trials such
as the ones discussed here are extremely limited in scope. Due to their cost, only one or
two doses of not more than one or two nutrients can be tested, and sample populations
tend to be high risk groups in order to get an adequate number of endpoints for statistical
power.

The results of the observational studies stimulated much of the basic research on
mechanisms of possible chemopreventive benefits of B-carotene. Results of the
intervention trials have posed new questions on mechanisms of possible harmful effects

of B-carotene in high risk groups. Analysis of epidemiological data in conjunction with



basic research is necessary to determine how to best utilize B-carotene and similar

important nutrients to maximize possible chemopreventive effects.
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Basic Research on Chemoprotective Actions of 3-Carotene

Epidemiological studies of cancer risk were the stimulus for much of the basic
research on B-carotene. Studies both in vitro and in vivo have provided information

important in elucidation of potential chemopreventive mechanisms.

In Vitro

Many early studies of B-carotene in cell and organ culture systems focused on
antimutagenicity in the Ames test. Belisario et al. showed p-carotene inhibits
cyclophosphamide mutagenicity.’® He and Campbell showed that B-carotene inhibits
aflatoxin B1 mutagenicity.”’' B-Carotene alone was shown to be non-mutagenic by
Heywood et al."

Other studies have focused on the effect of B-carotene in non-cancerous fibroblast
cell lines exposed to chemical and physical (e.g., X-rays, UV irradiation) carcinogens. In
1984, Som et al. reported that B-carotene significantly inhibited DMBA-induced

2R

transformation of primary murine mammary gland cells.”* This was the first report of
direct inhibition of transformation by PB-carotene independent of vitamin A activity, as
retinol was undetectable in this experiment. In 1988, Bertram’s laboratory published the
first in a series of studies on P-carotene inhibition of neoplastic transformation in
C3H/10T% murine fibroblast cells.””* Both B-carotene and canthaxanthin (a carotenoid

similar to B-carotene with no vitamin A activity, Figure 1.10) were shown to inhibit

transformation of these cells by 3-methylcholanthrene or X-irradiation when the cells
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were pretreated with carotenoids in beadlet form. Kennedy and Krinsky reported a
similar result in X-ray-exposed C3H/10T": cells, but only when B-carotene was present

for the entire experiment, including X-ray exposure.*"

N "

Canthaxanthin

NN

a-Carotene

NN

Lycopene

OH

NN

HO Lutein

Figure 1.10. Structures of B-carotene analogues examined as inhibitors of neoplastic transformation by
Bertram er al.”"*

In 1991, Bertram’s group showed that a variety of carotenoids (Figure 1.10)

delivered to C3H/10T": cells in a tetrahydrofuran (THF) solution could inhibit neoplastic



transformation in a dose-dependent manner, with B-carotene and canthaxanthin having
the highest potency.””® The THF delivery system developed in this study solved previous
problems in administering lipophilic B-carotene to the aqueous environment of cultured
cells. Administration of B-carotene in other solvent delivery systems is difficult and may
be suspect, due to the toxicity of organic solvents. The solubility of B-carotene in THF is
sufficiently high to allow for a low total volume of THF delivered with no apparent
toxicity to the cell culture system.

The delivery of B-carotene in in vitro systems may influence results of these
studies. In contrast to the results of Bertram er al., those of Okai et al. reported a
potentially harmful effect of B-carotene in a different murine fibroblast cell line.”*
B-Carotene enhanced cell proliferation and ornithine decarboxylase activity, an indicator
of tumor promotion, in BALB/c 3T3 cells treated with O-tetradecanoyl-phorbol-13-
acetate (TPA). However, in this study the authors prepared 2 mM B-carotene in hexane
and diluted the hexane solution with culture medium to achieve final concentrations.
Hexane is a poor solvent at best for f-carotene and it is doubtful they achieved a 2 mM
concentration. Dilution with aqueous medium would further confound concentration
problems. leaving doubts as to the actual final concentration of (-carotene and any
potential effect of hexane solvent in these cells.

The effect of B-carotene has also been studied in cultured tumor cells. Hazuka er
al. reported that 20 ug/ml B-carotene (in ethanol/dimethylsulfoxide 10:1 v/v) caused a

striking morphological differentiation in murine B-16 melanoma cells treated for 24 hr,
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with accompanying decreases in cell growth, cell survival, and exogenously-stimulated
adenylate cyclase activity.”’’” A similar result was seen by Morjani ef al. in K562 cells. a

218 Schwartz and Shklar used micellar constructs to deliver

human leukemia cell line.
B-carotene to a variety of human tumor cell lines, including oral carcinoma, breast
carcinoma, lung carcinoma, and melanoma cells. In all cases, B-carotene caused a
decrease in viable cells and consistent morphological changes. These changes did not
occur in normal human melanocytes and keratinocytes.

Strong in vitro evidence exists for chemoprotective effects of B-carotene. These
types of studies are invaluable and have led to several proposed mechanisms for anti-
cancer activities of B-carotene. Limitations such as inconsistent delivery of lipophilic
compounds to aqueous cultures, absence of integrated metabolic systems, and chemical

instability of purified B-carotene necessitate concurrent analysis of in vitro, in vivo, and

clinical data.

In Vivo

Reports from animal studies have shown B-carotene to be effective in inhibiting
cancers induced by both UV light and chemical carcinogens. In 1977, Epstein reported
that a commercially-prepared beadlet form of B-carotene inhibited the formation of UV-
induced skin tumors when injected intraperitoneally into hairless mice.”"* This was the
first report of the effect of P-carotene on tumor formation in an animal model.
B-Carotene was also shown to be effective in inhibiting skin tumors induced by chemical

carcinogens both with and without UV. In 1982. Mathews-Roth showed that 10 week



supplementation with oral P-carotene (as pellets made from p-carotene-containing
beadlets, 3.3 x 10* mg/kg) delayed tumor appearance in UV-induced mouse skin tumors
as well as in tumors induced with dimethylbenzanthracene (DMBA)/croton oil or DMBA
plus low-dose UV.™ Santamaria et al. reported similar protection by oral B-carotene in
mouse skin tumors induced by a combination of UV and benzo[a]pyrene. B-Carotene
also blocked these tumors in the dark, demonstrating that B-carotene may have
chemopreventive activity independent of its photoprotective functions.™!

B-Carotene was also effective in inhibiting other types of chemically-induced
tumors in experimental animal models. Alam and Alam induced rat salivary gland
tumors with submandibular injection of DMBA.”* These tumors were significantly
inhibited by dietary p-carotene (=25 mg/kg, administered from 6 weeks pre-induction
throughout the study) at a dose much lower than that used by Mathews-Roth. However, a
previous study by Alam er al using the same model showed 100 mg/kg dietary
B-carotene had no significant effect when administered beginning at the time of tumor
induction.” Temple and Basu induced colon tumors in Swiss Webster mice with
subcutaneous injections of 1,2-dimethylhydrazine. They showed very significant
inhibition of tumor incidence and mortality with dietary p-carotene (20 mg/kg)
administered from 5 weeks pre-induction to the end of the study.” This was in contrast

to a similar study by Colacchio and Memoli, in which a 500x higher dose of dietary

B-carotene (administered from 4 weeks pre-induction to the end of the study) had no



effect on colon tumors in Holtzman rats. These results indicate dose or species
specificity may determine anti-tumor activity of B-carotene in the colon.

Schwartz et al. used a different approach in studying anti-tumor activity of
B-carotene, administering it at the tumor site instead of supplementing the diet. Hamsters
had their buccal pouches painted three times weekly with a solution of DMBA in mineral
oil. After 14 weeks, when all animals had gross buccal pouch tumors, B-carotene was
applied topically (dissolved in mineral oil, 250 pg/mL) or injected locally (dissolved in
medium, 190 ng/mL). In both cases. B-carotene caused significant tumor regression.”” A
significant reduction in tumor burden (calculated as total tumor volume) was also seen in
a similar study by Schwartz et al. in which 0.2 mL B-carotene-loaded liposomes (1.94 mg
B-carotene/mL) liposomes were injected submucosally next to the tumor site three times
per week for five weeks.™

B-Carotene had inconsistent effects on pancreatic tumors in studies by Appel et al.
Azaserine, a carcinogen produced by Streptomyces and known to cause pancreatic
cancers in rats, was administered to Wistar rats maintained on a saturated fat-enriched
diet. Fifteen months after the last azaserine treatment, rats supplemented with dietary
B-carotene (60 mg/kg) had significantly fewer atypical acinar cell nodules, adenomas, and
carcinomas as compared to control.™®® In a similar follow-up study, pancreatic
carcinogenesis was induced in hamsters by the carcinogen N-nitroso-
bis(2-oxopropyl)amine. In contrast to the previous study, B-carotene had no effect on

hamster pancreatic ductular lesions or carcinoma incidence.”
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B-Carotene and the Multi-Stage Model of Carcinogenesis

The type of contrast seen in the studies by Appel er al. poses interesting
mechanistic questions about where B-carotene acts in multi-stage carcinogenesis (Figure
1.11), due to the fact that the two carcinogens used in these studies have different
mechanisms. Azaserine inhibits an enzyme in purine biosynthesis, while N-nitroso-bis(2-
oxopropyl)amine is a DNA alkylator. In both cases, cancer was promoted by a high-fat
diet. Since these cancers appear to differ in the initiation stage, it is presumable that this
stage is where the anti-tumor effect caused by [-carotene occurred. However, Temple
and Basu determined [-carotene was working in a late stage of carcinogenesis in their

226 the authors

model.”* In a follow-up to the study of Schwartz et al. described above,
concluded that B-carotene was clearly inhibiting at both the initiation and promotion

stages of carcinogenesis.”’

B-Carotene

Initiation Promotion Progression Metastatic Tumor

Figure 1.11. Stages in carcinogenesis where B-carotene may act. Each stage contains processes that are
potentially blocked by B-carotene. (Adapted from Davison et al.)*'
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With evidence for anti-cancer activity existing at each stage of carcinogenesis, it
may be inappropriate to ask “At what stage does B-carotene act?” Protective effects for
each stage have been proposed.”® B-Carotene may inhibit DNA-repair enzyme damage
and oxidation-dependent mutations (initiation and promotion), cause regression of
premalignant lesions (promotion), and enhance immune function against tumor cells

(progression). All of these effects are targets for investigation.

Mechanisms

Many important questions remain. Basic research has led to several proposed
mechanisms for chemopreventive actions of B-carotene. These include 1) conversion to
retinol in vivo; 2) enhancement of the immune response; 3) enhancement of gap-

junctional communication between cells, and 4) antioxidant activity.

Conversion to retinol. Retinoids have been associated with carcinogenesis
inhibition for over 70 years. In 1922, Mori noted metaplastic changes in respiratory tract
epithelium due to vitamin A deficiency.”® Studies involving the two stage mouse skin
carcinogenesis model have shown conclusively that various retinoids inhibit skin
carcinogenesis promoted with TPA. Inhibitory effects of retinoids have also been shown
on esophageal, liver, bladder, and mammary carcinogenesis in animal models.”™ Since
B-carotene is converted to retinol in vivo, it seems natural to assume that
chemopreventive effects are due to retinoid metabolites. There are several arguments

against this however. Except in deficiency syndrome, dietary retinol is not a good
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determinant of blood retinol levels, while fB-carotene intake is generally correlated with
plasma levels. Also, ~90% of all carotenoids are not vitamin A precursors. While
retinoid activity of B-carotene is very important, there is strong evidence that §-carotene
has chemopreventive properties independent of this function. Many in vivo and in vitro
studies have shown parallel results with B-carotene and canthaxanthin, a non-provitamin

A carotenoid.*

Immune system effects. While retinoids are known to be important in immune
function, there is evidence that B-carotene may independently effect immune responses.
Bendich and Shapiro fed rats a diet containing 2 mg/kg B-carotene or canthaxanthin for
66 weeks. T- and B-lymphocyte responses to mitogens were enhanced in both groups
compared to control, indicating an immunoenhancing effect independent of retinoid
activity.”® In the hamster buccal pouch carcinoma model of Shklar and Schwartz, both
B-carotene and canthaxanthin caused an increase in tumeor necrosis factor alpha (TNF-at),
although the increase due to B-carotene was significantly larger.”’

Retinoids have specific immune functions, including increasing thymocyte
maturation, T-cell dependent antibody production, enhancing phagocytosis of
macrophage, activation of protein kinase C. and activation of natural killer (NK) cells.
Carotenoids such as B-carotene and canthaxanthin appear to activate the immune system
indirectly by stimulating release of cytokines such as TNF-o and interleukin-2 after
lymphocytes and monocytes have already been activated. Cytokine release may enhance

immune surveillance by activation of NK cells.”®
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Carotenoids appear to have nonspecific immune functions related to their
antioxidant activity. Free radicals such as superoxide (O,") and hydroxyl radical (HOe)
are used by polymorphonuclear (PMN) cells as weapons against bacterial invaders.
Overproduction of these species by PMN during this action may damage nearby immune-
system cells as well as neighboring tissue. Anderson and Theron showed that B-carotene
protected PMN from self-inflicted oxidative damage during bactericidal activities. PMN
not incubated with B-carotene had a shorter lifetime due to autoxidation.”® This type of
protection, related to the antioxidant activity of P-carotene, may be responsible for
enhancing the immune response by increasing the lifetime of neutrophils. This protection
is not due to vitamin A activity since retinoids are relatively poor antioxidants.'”

The effect of B-carotene on UV-induced immunosuppression is controversial.
Protective effects of B-carotene on UV-induced carcinogenesis were discussed above.
These effects may or may not be due to immunomodulatory properties. Fuller et al.
reported that a group of healthy males 19-39 years of age supplemented with 30 mg
B-carotene/day showed no suppression of delayed-type hypersensitivity following
exposure to UV radiation over a 16 day period. Hypersensitivity responses were
significantly suppressed in the placebo group, and the authors concluded that p-carotene
protects against photosuppression of immune function.”** However, in a recent study by
Noonan er al., BALB/c mice supplemented with B-carotene showed no difference in
immune suppression as compared to controls.”' This result is confounded by the fact that

mice are poor accumulators of B-carotene as compared to humans. Also, the authors



observed a baseline decrease in contact hypersensitivity in unirradiated p-carotene-fed

mice as compared to unirradiated controls.

Enhancement of cell-cell communication. Enhancement of gap junctional
communication between cells is an unexpected activity of B-carotene, and may contribute
to its chemopreventive properties. Bertram’s group discovered that retinoids enhance
cell-cell communication in C3H/10T'% by stimulation of mRNA for connexin-43, a
protein involved in “docking” of adjacent cells. This activity was correlated with
decreased growth of transformed cells*** Since B-carotene had already been shown to
inhibit transformation in this system, they tested the effect of B-carotene on cell-cell
communication and found that indeed gap junctional communication was enhanced. This
effect was also seen with the non-provitamin A carotenoid canthaxanthin. o-Tocopherol,
a potent chain-breaking antioxidant, was only marginally effective. Due to these results,
this effect was determined to be independent of both vitamin A activity and antioxidant

activity.'”'

Antioxidant activity. The most popular theory for chemopreventive effects of
B-carotene is its ability to function as an antioxidant. Antioxidant functions of -carotene

H2 who defines antioxidants as “compounds that protect

were reviewed by Krinsky,’
biological systems against the potentially harmful effects of processes or reactions that

can cause excessive oxidations.” Under certain conditions, B-carotene is a potent

antioxidant and oxidative stress is known to contribute to carcinogenesis. The
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antioxidant activity of B-carotene towards singlet oxygen is well known.”® The ability of
B-carotene to act as an antioxidant towards free radicals is still an area of considerable
interest.

Experiments involving direct exposure of carotenoids to radicals under various
conditions are useful in determining antioxidant mechanisms of B-carotene. Carotenoids
are very sensitive to oxidation. In 1964, Elahi and Cole noted that the rate of -carotene
bleaching increased with increasing concentration of tert-butyl hydroperoxide in
chloroform.”*® El-Tinay and Chichester expanded on this by noting that addition of
radical initiators or quenchers respectively altered the rate of P-carotene oxidation,
indicating an interaction between B-carotene and free radicals.”’ In 1982, Krinsky and
Denecke showed conclusively that B-carotene and canthaxanthin were capable of
inhibiting radical-mediated lipid peroxidation, independent of singlet oxygen quenching
activity.™*®

Burton and Ingold proposed a mechanism of antioxidant activity of B-carotene in
1984.° This mechanism was based on experiments involving B-carotene inhibition of
radical-mediated oxidation of methyl linoleate. P-Carotene was shown to be a poor
antioxidant at high pO, (760 torr), with increasing antioxidant activity as pO, was
decreased. The proposed mechanism is described below.

The extensive system of conjugation in the P-carotene molecule makes it
susceptible to attack by strongly oxidizing peroxyl radicals (ROOs) forming a carbon-

centered B-carotene radical (equation 1.9).
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B-carotene + ROOe —> [B-carotenee (1.9)

This radical reacts rapidly and reversibly with oxygen. forming a chain-carrying
B-carotene-peroxyl radical (B-carotene—OOQe, equation 1.10). This radical can cause

further damage to oxidizable substrates and propagate lipid peroxidation chain reactions.

B-carotenes + O, 2 p-carotene—OO. (1.10)

Alternatively. B-carotene can react with another radical. forming non-radical products

with a net antioxidant effect (equation 1.11).

B-carotenee + ROOe — non-radical product (1.11)

The reaction shown in equation 1.10 is reversible and depends on pO,. Thus, at low pO,,
equilibrium shifts to the left. reducing the amount of autoxidation in the system allowing
B-carotene to compete with oxidizable substrate for radical species, increasing the
antioxidant efficiency of B-carotene.*”

The ability of B-carotene to inhibit reactive oxygen species in experimental
conditions is the basis for the hypothesis that B-carotene inhibits oxidant-mediated

carcinogenesis. thereby reducing the risk of cancer. Undoubtedly, the experimental
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evidence described above shows that B-carotene can prevent carcinogenesis by more than
one mechanism. Much work has been done on the antioxidant activity of B-carotene
towards specific oxidants in controlled systems. However, in situations such as
photooxidation, B-carotene is exposed to both radicals and singlet oxygen, with little
known about how to distinguish the protective effect of B-carotene between them. This
work focuses on exploring B-carotene chemistry during photooxidation and on using

marker products to distinguish and measure specific types of antioxidant behavior.



Reactive Oxygen Species

Oxygen is the basis of almost all life on an aerobic planet and the most abundant
element on earth. Molecular or dioxygen (O,) is the primary form of oxygen in air.
Other common forms include ozone (O;) and the radical O,. Our universe consists
mainly of hydrogen and helium. Earth is an island of oxidation in a reducing universe.
Blue-green algae or similar photosynthetic micro-organisms may have first produced
oxygen ~2.5 billion years ago.” As the concentration of oxygen increased, aerobic life
evolved. The reactivity of oxygen allows it to break energy-rich chemical bonds in
hydrocarbons, releasing the energy on which life depends. The various forms of oxygen
are vital for life, but are also capable of damaging biomolecules if not controlled.
Antioxidant defense systems have evolved to protect cells from the damaging effects of

reactive oxygen species including radicals and singlet oxygen.

Free Radicals

A free radical can be broadly defined as any molecule with an unpaired electron.
Examples of free radicals include: a) oxygen centered radicals such as O, and hydroxyl
radical (HOs), b) carbon-centered radicals such as trichloromethyl radical (CCl;e), and ¢)
other types such as delocalized nitric oxide radicals (NOes). In biological systems, oxygen
radicals are constantly being produced. Sources of oxygen radicals include electron
transport chains, metabolic enzymes, the respiratory burst of phagocytic cells, ionizing

radiation. and exposure to some xenobiotics (e.g., smog, cigarette smoke, and
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photosensitizers).”! While many radicals have very important functions, cells must
protect themselves from superfluous oxidation.

In general, the presence of an unpaired electron makes these molecules very
reactive. However, reactivity varies widely among oxygen radicals. For example, HOe is
so reactive that its half-life is only about 1 x 10 seconds in solution. Reaction time is
diffusion limited, and the nearest biomolecule reacts via hydrogen abstraction, addition,
or electron transfer to form OH™. The half-life of alkoxyl radicals is about 1 x 10°
seconds, while peroxyl radicals exist for much longer periods with a half-life of about
1 x 107 seconds. The longer-lived peroxyl radicals are dangerous because they can cause
damage away from the site where they are generated.”® The reactivity of O, varies with
its environment. While it is a strong base and nucleophile in organic solvents, extensive
hydration reduces O, reactivity in aqueous solution.*”

The antioxidant enzyme superoxide dismutase (SOD) catalyzes the dismutation of

O, to hydrogen peroxide and molecular oxygen (equation 1.12).

20, +2H — H,0,+0, (1.12)

Hydrogen peroxide is a potentially toxic molecule which can be deactivated by the

enzyme catalase (equation 1.13).



2H,0, = 2H,0 +0, (1.13)

Reactivity of O, is the subject of debate. It is thought by many that O, is a hazardous
species due to its ability to act as a precursor to other radicals, specifically HOs.*? This

occurs as superoxide drives the Fenton reaction (equation 1.14).

HzOz + Fez" —> HO. + OH_ + Fes* (1.14)

O, drives this reaction by a) dismutation to the reactant hydrogen peroxide, and b)

reducing Fe’™ back to Fe*” (equation 1.15).*"

O, + Fe* — 0, +Fe* (1.15)

Since formation of hydrogen peroxide is dependent on SOD, SOD indirectly controls the
Fenton reaction. O, may not be a significant damaging species per se. but may simply
act as a sink for intracellularly generated radicals with SOD regulating the redox balance
of the cell.™

Peroxyl radicals are formed by the reversible addition of oxygen to carbon-
centered radicals. Due to their relatively long lifetime, peroxyl radicals are able to travel
far enough away from their site of origin to react with molecules such as the

phospholipids present in the membrane of a cell. Peroxyl radicals are the chain-carrying
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radicals of lipid peroxidation (reviewed by Porter ef al.).”* In lipid peroxidation (Figure
1.12), an unsaturated portion of a fatty acid side-chain of phospholipid is attacked by a
radical, resulting in the formation of a lipid radical (initiation). The lipid radical
undergoes a fast addition of oxygen to form a lipid peroxyl radical. This lipid peroxyl
radical can abstract hydrogen from an adjacent side chain to form a lipid hydroperoxide
plus a new carbon-centered lipid radical (propagation). This cycle repeats itself until the
chain-carrying radical reacts with another radical (or a chain breaking antioxidant such as
a-tocopherol), which results in the formation of two non-radical products (termination).
Chain-branching occurs in the presence of transition metals. Lipid hydroperoxides are
reduced by metals to form a lipid alkoxyl radical and hydroxide ion. The lipid alkoxyl
radical can initiate a new chain of lipid peroxidation. Because lipid peroxidation is a
chain reaction, one can see how most radical-mediated cellular damage is caused by

peroxyl radicals.*



Figure 1.12. Lipid peroxidation. This scheme shows the mechanism of peroxidation of the unsaturated
portion of a typical diene lipid. Radicals (Re) initiate cellular lipid peroxidation by
abstracting hydrogen from a fatty acid side-chain of a membrane phospholipid (L). Peroxyl
radicals (LOO») formed by fast addition of oxygen propagate the chain reaction. Chain
branching occurs when transition metals facilitate lipid alkoxyl radical (LOs) formation
from lipid hydroperoxides (LOOH). The reaction of two radicals results in chain
termination.
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Singlet Oxygen

Singlet oxygen is a non-radical excited-state form of molecular oxygen formed by
input of energy to oxygen. thus altering the electron spin states. Singlet oxygen is
distinguished from normal ground-state oxygen by the configuration of the electrons in
the m* 2p orbitals (Figure 1.13). Singlet oxygen has an empty orbital shell with the spin
restriction of ground state oxygen removed, allowing this molecule to react directly with
biomolecules. Most biomolecules exist in the singlet state. Singlet oxygen causes tissue
damage by ready oxidation of lipids, proteins, and DNA. Lipid hydroperoxides formed
by singlet oxygen can initiate lipid peroxidation chain reactions in the presence of

radicals or transition metal ions.”
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Figure 1.13. Orbital map of oxvgen (adapted from Halliwell and Gutteridge™")
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Singlet oxygen is generated via photosensitizers, which are compounds that can
absorb light and transfer the absorbed energy to ground state oxygen. A list of common
photosensitizers is shown in Figure 1.14. Photosensitizers are generally highly colored
compounds with extensive double bond systems. Rose Bengal (Figure 1.15) is one of the
most efficient photosensitizers known, with almost double the quantum yield of

8 Singlet oxygen produced by photosensitization can oxidize the

chlorophyll a.
photosensitizer itself, resulting in the loss of color in a process called photobleaching.

These types of reactions cause dyes in fabrics to fade when exposed to sunlight.

PHOTOSENSITIZERS

Drugs Tetracyclines
Chlorpromazine
Amiodarone

Dyes Rose Bengal
Fluorescein
Methylene Blue

Polycyclic Hydrocarbons Pitch, Coal Tars
Anthracene

Endogenous Porphyrins Uroporphyrin
Coproporphyrin
Protoporphyrin

Miscellaneous PABA
Inks

Figure 1.14. List of common photosensitizers



Figure 1.15. Structure of the photosensitizing dye Rose Bengal (3'.4',5".6"-tetrachloro-2'-(2,4.5.7-
tetraiodo-6-hydroxy-3-ox0-3 H-xanthen-9-yl)benzoic acid, bis(sodium salt))

The chemistry of photosensitization reactions was reviewed by Krinsky.”’

Photosensitization can result in the formation of radicals (Type I) as well as singlet
oxygen (Type II). Photochemical reactions are initiated by light, causing photoexcitation
of the sensitizer molecule to the triplet state (Figure 1.16). The excited sensitizer has no
spin restriction and can readily transfer this energy to triplet oxygen in a Type II reaction.
returning the sensitizer to the ground state and forming singlet oxygen. Alternatively, the
excited sensitizer can use this energy to participate in electron transfer or hydrogen
abstraction from a neighboring molecule. resulting in the formation of a radical species.
This is a Type I reaction. Thus, photosensitization reactions are capable of producing

both radicals and singlet oxygen.
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Figure 1.16. Scheme of reactions involved in Type I and Type II photosensitization. Photon absorption
(hv) converts ground-state sensitizer (S,) to singlet sensitizer ('S). Intersystem crossing (isc)
forms triplet sensitizer (°S), which can react with nearby molecules to form radicals (Type I)
or 'O, (Type II). Both mechanisms can result in peroxidation of nearby substrate molecules
(A) such as phospholipid. (Adapted from Girotti**®)

Singlet oxygen can be produced through non-photochemical processes by mixing

hydrogen peroxide with hypochlorite ion (equation 1.16).

H,0, + OCF — Cr +H,0 + 'O, (1.16)

This reaction may be responsible for in vivo production of singlet oxygen, since

hypochlorite is formed by myeloperoxidase during phagocytosis, but evidence for this is

very weak.”™ In 1983, Wefers and Sies reported a possible mechanism for the formation
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of singlet oxygen in vivo by the reaction of glutathione with O,".**' However, evidence
for O,” dependent production of singlet oxygen is lacking.

Singlet oxygen can also be produced by thermolysis of some aromatic
endoperoxides. Di Mascio and Sies reported quantitative production of singlet oxygen by
thermolysis of 3.3'-(1,4-naphthylidene)dipropionate (NDPO,).”*> Systems like these are
important in experiments where production of singlet oxygen is desired without the

simultaneous production of oxygen radicals which occurs during photosensitization.

Photooxidation of Lipid

One of the most important types of damage caused by photooxidation is lipid

%% Lipid peroxidation results in oxidative

peroxidation, reviewed by Porter er al.
degradation of fats and oils, leading to rancidity. In biological systems, lipid
peroxidation can damage phospholipid. the main component of cell membranes.
Oxidative damage to the cell membrane can alter membrane fluidity. disrupt membrane
transport, and endanger the structural integrity of the cell. Extensive lipid peroxidation
can lead to cell death. Lipid hydroperoxides and radical intermediates of lipid

peroxidation are linked to oxidative damage to several biomolecules such as DNA®@=*

> and are thought to enhance processes leading to atherosclerosis by

and proteins,™
oxidative modification of low-density lipoprotein.’*
The cell membrane is a phospholipid bilayer made up of several different types of

phospholipid. Membranes also contain proteins, whose type and function depends on the

cell. Membrane proteins are susceptible to damage induced by lipid peroxidation. A
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unique feature of membranes is their bilayer structure. Phospholipids are amphipathic.
with a polar “head” and a non-polar “tail”. These molecules align themselves tail-to-tail.
forming a spherical bilayer around the cell with the head groups exposed to the aqueous
intracellular and extracellular regions, and the tail groups forming the lipophilic
membrane interior. The most common phospholipid in animal cell membranes is
phosphatidylcholine™’ (Figure 1.17). The fatty acid chains make up the tail region of this
molecule, and unsaturated portions are the site of lipid peroxidation. The length and
degree of unsaturation in the fatty acid side chain varies. Some typical phospholipids are
shown in Figure 1.17.

Polyunsaturated lipids are generally more susceptible to lipid peroxidation than
saturated or mono-unsaturated lipids, due to the presence of more easily abstractable bis-
allylic hydrogens.” Type I photooxidation of a linoleoyl moiety is shown in Figure 1.18.
A radical species formed via Type I photosensitization reactions can abstract one of the
bis-allylic hydrogens from the linoleoyl moiety of phospholipid, forming a pentadienyl
radical. Fast addition of oxygen occurs at the 9’- or 13- position, due to rearrangement of
electron density caused by the loss of the bis-allylic hydrogen. The resultant peroxyl
radical can then abstract a hydrogen from a neighboring lipid molecule to form a lipid
hydroperoxide while propagating the chain reaction. The significant products formed in
this mechanism are conjugated diene hydroperoxides only at the 9'- and 13’-positions of

the linoleoyl moiety. These products are formed in equal amounts. It is important to note
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that peroxidation at the 10’-, 11'-, and 12'-positions does not occur by Type I

photooxidation of this lipid.**

Phospholipid Common acyl chains (R)
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Figure 1.17. Common membrane phospholipids which consist of a polar phosphate head group esterified
to non-polar fatty acyl side chains. Unsaturated side chain moieties are subject to lipid
peroxidation.

A scheme for Type II photooxidation of the same lipid moiety is shown in Figure
1.19. In this reaction. singlet oxygen adds directly to a double bond on the lipid via the

ene reaction. resulting in the formation of a lipid hydroperoxide. Oxidation can occur at
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any position on either of the double bonds, resulting in the formation of equal amounts of

9'-, 10’-, 12'-, or 13’-O0OH linoleate. Note that formation of 10’- or 12’-OO0H linoleate

does not occur in radical-mediated lipid peroxidation (Type I, above), thus these products

are specific for lipid peroxidation mediated by singlet oxygen.”
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Figure 1.18. Scheme showing radical-mediated (Type I) photooxidation of phospholipid linoleoyl groups,
where R' = ((CH,),COO" and R” = ((CH,);CH;. Resultant lipid peroxyl radicals react with
unsaturated lipid (LH) to form 9'- and 13'-hydroperoxyoctadecadienoyl and lipid radicals

(Le).
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No radical intermediates are formed in singlet oxygen-mediated lipid
peroxidation, and no chain reaction occurs. While a radical may be responsible for
peroxidation of many lipid molecules before chain termination occurs, singlet oxygen can
only oxidize one lipid molecule. (However, the lipid hydroperoxide may undergo chain-
branching in the presence of metals or other radicals. indirectly initiating a lipid

peroxidation chain reaction.)
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Figure 1.19. Scheme of singlet oxygen-mediated (Type II) photooxidation of phospholipid linoleoyl
groups via the “ene” reaction, where R' = ((CH,),COO" and R” = (CH.);CH;. Equal
amounts of 9'-, 10", 12'-, and 13’-hydroperoxyoctadecadienoy! products are formed.

Photooxidation of phospholipid results in lipid peroxidation. Since
photosensitizers can produce some free radicals, it is incorrect to attribute all the

photodamage to singlet oxygen. Also. since singlet oxygen-mediated products are
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capable of enhancing lipid peroxidation, radicals may be responsible for significant
amounts of damage, especially at later timepoints. Photooxidation is known to cause
cellular damage and may be a factor in multistage carcinogenesis. f-Carotene has
different antioxidant abilities towards free radicals and singlet oxygen as discussed above.
In studying the mechanism of an unusual antioxidant such as fB-carotene, it will be
important to distinguish between singlet oxygen-specific and non-specific damage. As
described above, singlet oxygen oxidation of lipid such as linoleic phosphatidylcholine
results in the formation of specific products. Previously, no reliable quantitative assays
of these products existed. Quantification of these products will allow us to measure and
compare singlet oxygen-specific oxidation with non-specific lipid oxidation while under

the influence of antioxidants such as f-carotene.
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Objective

The nutrient B-carotene has generated interest in recent years due to its association
with beneficial outcomes in epidemiological studies on cancer risk. These associations
plus the fact that B-carotene is common. cheap, and safe, make it an inviting candidate for
research in cancer prevention mechanisms. It is well known that B-carotene is an
effective clinical agent in the treatment of erythropoietic protoporphyria, a disease caused
by overproduction of endogenous porphyrins in the skin. These porphyrins act as
photosensitizers to produce large amounts of singlet oxygen on exposure to sunlight,
which results in tissue damage. [B-Carotene was shown to be effective in treating this
disorder, which is thought to be due to its singlet oxygen quenching ability.” Since this
discovery, questions have arisen about the involvement of singlet oxygen quenching in
chemoprevention by (3-carotene.

An important goal of chemoprevention research is to understand how various
agents can profect cells from carcinogenic events. One hypothesis of how P-carotene
may prevent cancer is that B-carotene acts as an antioxidant, protecting cellular
components from oxidative damage. P-Carotene is a very effective singlet oxygen
quencher,” and has been shown to act as an antioxidant towards oxygen radicals in
VI‘"'O.(":I':“

One consequence of this antioxidant activity is the formation of P-carotene

oxidation products. Products formed specifically by antioxidant behavior, rather than

autoxidation (simple oxidative destruction of B-carotene with no net reduction in reactive
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oxygen), may serve as markers for antioxidant action in biological systems. These
marker products can be identified and characterized in simple model systems. Once
assays for these products are developed. it should be possible to look for these products in
more complex systems.

Antioxidant behavior towards singlet oxygen as well as free radicals may be
important in cancer prevention mechanisms of B-carotene. The objective of this work is
to study photosensitized oxidation in model systems. identify specific chemical markers
of singlet oxygen oxidation, and quantitatively assess the photoprotective effect of

B-carotene on singlet oxygen-specific damage.

Aims
Based on the hypothesis that reactions involving singlet oxygen will produce specific
oxidation products that can be analyzed quantitatively as an index of photooxidation and

the effect of various agents on this process, the aims of this dissertation project are:

1. To isolate and identify singlet oxygen-specific photooxidation product(s) of

[B-carotene in a simple solution system

2. To develop an assay which distinguishes between singlet oxygen-specific and radical

mediated photooxidative damage in liposome models



. To determine if a product from Aim 1 is a biomarker for singlet oxygen-specific

damage by analyzing photooxidation products of B-carotene-loaded liposomes

. To analyze the effect of B-carotene on singlet oxygen-specific vs. radical-mediated

photooxidative damage in the liposome model



CHAPTER 2

ISOLATION AND IDENTIFICATION OF SINGLET OXYGEN OXIDATION
PropucTts OF B-CAROTENE

Introduction

Both singlet oxygen and free radicals produced during photosensitized oxidations
can cause cellular damage by reacting with DNA and proteins, or by inducing lipid
peroxidation.”® B-Carotene (1, Figure 2.1) may protect against photosensitized tissue
injury by scavenging free radicals and by quenching singlet oxygen.”***® B-Carotene is
employed clinically to prevent photosensitized tissue damage in humans with
erythropoietic porphyria.*® Several studies have shown that B-carotene inhibits free
270271

radical-mediated lipid peroxidation in homogeneous solution.® in lipid

21.272.273 274-276

bilayers, and in microsomal membranes. B-Carotene probably scavenges
peroxyl radicals by forming B-carotene-radical adducts, which can trap other radicals to
form nonradical B-carotene oxidation products.5*'*""

B-Carotene is among the most effective singlet oxygen quenchers known.”*?’
B-Carotene quenches singlet oxygen primarily by a physical reaction, in which excess
excited-state energy from singlet oxygen is absorbed by B-carotene and then dissipated by

the polyene chain while oxygen is returned to the triplet ground state (equation 2.1).**



NN N RN NN R

1

Vg Vi T T Ve ¢

AV Ve Ve Ve N g ¢

AN S S Vg Ve Vg V¢

4
AN XX XY XYY
o 5
X"X0
6

Figure 2.1. Structures of B-carotene and carotenoid oxidation products discussed in the text.
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'0, + B-carotene e, *0, + *p-carotene 2.1

3B-carotene *, B-carotene + heat

In contrast to physical quenching, concomitant chemical reactions result in destruction of
the polyene chromophore and the formation of B-carotene oxidation products (equation

2.2).

'O, + P-carotene K, B-carotene oxidation products (2.2)

Although it is a minor quenching pathway,” this chemical quenching reaction results in
the loss of B-carotene” and thus of antioxidant protection. The specific reactions that
contribute to chemical quenching are not understood.*™  Although [-carotene
photooxidation has been studied previously, it is not clear from previous reports whether
the observed products were formed by reactions of B-carotene with singlet oxygen or with
other oxidants.”*** Products specifically formed by B-carotene-singlet oxygen reactions
could serve as chemical markers for total singlet oxygen quenching. Analysis of specific
products thus might be used to monitor singlet oxygen quenching in experimental models
of phototoxicity. Here studies of the singlet oxygen-dependent photooxidation of

B-carotene are reported. The reaction products, which include apocarotenal chain
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cleavage products and a novel endoperoxide, were shown to be dependent on singlet

oxygen rather than photoinitiated autoxidation reactions.
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Experimental Procedures

Chemicals and Instrumentation

B-Carotene, -ionone, and p-apo-8'-carotenal (Fluka Chemical Corp..
Ronkonkoma, NY) were used as received. Retinal and retinol were from Sigma (St.
Louis, MO). B-Carotene, carotenals, and retinoids were stored at ~20°C under Ar. Rose
bengal bis(triethylammonium) salt (dye content 90%) was from Aldrich (Milwaukee.
WI).  2,2'-azo-bis(2,4-dimethylvaleronitrile) (AMVN) was from Polysciences Inc.
(Warrington, PA). d-oa—Tocopherol was a gift from Henkel Fine Chemicals.
(La Grange, IL).

Products analyzed by HPLC were detected with a Hewlett-Packard Model 1040M
diode-array detector system coupled to a HP 7994A ChemStation computer. Solvents
were delivered with a Spectra-Physics SP8810 isocratic pump. Electron ionization and
high-resolution MS were performed with a Finnigan MAT-90 instrument (Finnegan
MAT, Bremen. Germany). Samples were introduced by direct probe insertion and
ionized with a 70-eV electron beam. GC-MS was performed with a Varian 3400 gas
chromatograph coupled to a Finnigan MAT-90 mass spectrometer. LC/MS and LC-
MS/MS were performed with a Sciex API III mass spectrometer (Sciex, Toronto,
Canada) with lonspray™ ionization (a proprietary, pneumatic nebulizer-assisted
electrospray ionization interface) operated in the positive ion mode. Compounds were

introduced into the instrument by flow injection in a mixture of methylene
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chloride/acetonitrile/10 mM ammonium acetate (pH 5) (25:75:2.5, v/v) at a flow rate of
50 uL min". The ionspray potential was 5500 V and the interface potential was 650 V
for all experiments. The orifice potential was set to 35 or 80 V for analysis of product 5
and at 35 or 50 V for analysis of diol 7. MS/MS experiments were done using argon as a

collision gas at a thickness setting of 425 x 10"’ atoms cm™.

Photosensitized Oxidation of p-Carotene

B-Carotene (85.9 pg, 160 nmol) and 25 pg of rose bengal bis(triethylammonium)
salt were dissolved in 20 mL toluene/methanol (85:15 v/v). This solution was bubbled
with O, in a jacketed borosilicate glass flask and illuminated with a 300-W tungsten-
halogen lamp at a distance of 15 cm for 30 minutes at 5°C. Solvent was evaporated in
vacuo, and the product residue was dissolved in mobile phase for purification by HPLC

as described below. All products were handled under reduced light.

Analysis of Oxidation Products

B-Carotene and its oxidation products were separated by reverse phase HPLC on a
5-um Spherisorb ODS-2 column (4.6 x 250 mm), eluted with methanol/hexane (85:15
v/v) at 1.5 mL min'. The product eluting at 2.6 min (2) was collected and further
purified by normal phase HPLC on a 5-um Spherisorb CN column (4.6 x 250 mm),
eluted with hexane/ethyl acetate (92.5:7.5 v/v) at 1.5 mL min". Product 2 was identified
as B-apo-14'-carotenal: UV/vis (see Table 2.1); MS m/z 310 (M", 100%), 295 (7). 281

(12), 105 (30); high resolution MS m/z 310.2283 (310.2297 calcd. for C,,H;,0). The
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product eluting at 3.1 min (product 3) was further purified by normal phase HPLC as
described above and identified as B-apo-10'-carotenal: UV/vis (see Table 2.1); MS m/z
376 (M, 100%). 361 (3). 347 (2), 284 (2); high resolution MS m/z 376.2762 (376.2766
calcd for C,,H;0). The product eluting at 3.4 min (4) was further purified by normal
phase HPLC and identified as B-apo-8'-carotenal: UV/vis (see Table 2.1); MS m/z 416
(M, 100%), 324 (3), 265 (2), 239 (3); high resolution MS 416.3039 (416.3079 calcd for
C,,H,O). The product eluting at 5.8 min (5) was further purified by normal phase HPLC
and identified as B-carotene-5.8-endoperoxide: UV/vis (see Table 2.1); MS m/z 568 (M".
38%), 550 (12), 534 (2), 476 (4), 404 (9), 205 (11), 165 (100); high resolution MS m/z
568.4263 (568.4280 calcd for C,,H,,0,).

For GC-MS analysis, photooxidations were done as described above except that
the solution was bubbled with O, for S min, and then capped during the 25-min
irradiation period to prevent the loss of volatile products. A 2 pL aliquot of the reaction
solution was analyzed by GC-MS with a 30-m DB-5 capillary column (J&W Scientific,
Folsom, CA). The column was operated isothermally at 150°C for 7 min and then
temperature programmed to 300°C at 15°C min"'. Product 6 was identified by GC-MS as
B-ionone: MS m/z 192 (M", 4%), 177 (100), 159 (4), 149 (6), 135 (11). Identical results

were obtained upon analysis of an authentic standard.

NaBH, Reduction of B-Carotene-5,8-Endoperoxide

Product § (approximately 30 pg) was dissolved in 2 mL methanol/hexane (85:15

v/v) and treated with 15 mg NaBH, at 0°C for 5 min. The solvent then was evaporated
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under N,, and the residue was dissolved in 1.5 mL of methanol/hexane (85:15 v/v) and
analyzed by reverse-phase HPLC as described above. The 35,8-dihydroxy-B,B-carotene 7
eluted at approximately 3.0 min and exhibited a UV/vis spectrum identical to that of 5.
which eluted at 5.3 min. The peak corresponding to 7 was recovered after evaporation of
the mobile phase under N,; product yield was approximately 60%. To improve the
overall yield of 7, unchanged S was recovered and resubjected to NaBH, reduction as
described above.

Effect of a~Tocopherol on Photooxidation and AMVN-Induced Oxidation of
p-Carotene

To study the effect of a—tocopherol on oxidation of B-carotene, photosensitized
oxidation of B-carotene was repeated as above with an equimolar amount of
a—tocopherol (68.9 pg, 160 nmol). Products were analyzed by HPLC as described
above. Peroxyl radical oxidations contained 800 nmol of B-carotene and 240 nmol of
AMVN in 100 mL of toluene/methanol (85:15 v/v) and were done in the dark at 37°C for
7 h. Some incubations contained a—~tocopherol (345 pg, 800 nmol). At hourly intervals.
5-mL samples were taken from each flask and the solvent was evaporated in vacuo. The
residue was dissolved in HPLC mobile phase, and oxidation products were analyzed by

reverse phase HPLC.
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Results

Identification of 3-Carotene Oxidation Products

The singlet oxygen oxidation of B-carotene was studied in a relatively simple
homogeneous solution model, which facilitates the analysis of potentially labile products
and simplifies interpretation of the reaction chemistry. Singlet oxygen was generated by
visible light irradiation of rose bengal bis(triethylammonium) salt. Direct quenching of

the triplet sensitizer is negligible at the oxygen and p-carotene concentrations employed.”

Table 2.1. UV/vis absorbance maxima for B-carotene and its oxidation products*

Peak Product /vi e i b
1 B-carotene 272, 450, 476

2 B-apo-14'-carotenal 384

3 f3-apo-10’-carotenal 246, 434

4 f-apo-8'-carotenal 264, 452

5 B-carotene-5,8-endoperoxide 252,314, 404, 424, 450

* Purified products were analyzed by normal-phase HPLC with diode-array detection.
® Absorbance maxima were recorded in normal-phase HPLC mobile phase (see Experimental Procedures). Absolute maxima are
listed in boldface.

[rradiation of B-carotene and the photosensitizer in toluene/methanol caused
B-carotene oxidation. Reverse-phase HPLC analysis indicated that several products were
formed, all of which were more polar than B-carotene (Figure 2.2). The peak labeled RB
contained the photosensitizer, which was not retained by the column. Peak 1 is
unoxidized P-carotene. Peaks 2-5 contain B-carotene oxidation products which were

subjected to further analysis. The coelution of minor products with peaks 2-5 in the



reverse-phase system necessitated further product purification by normal-phase HPLC.
The minor products appearing in the polar region of the chromatogram have not yet been
characterized.

On the basis of their UV/vis spectra, low- and high-resolution mass spectra, and
HPLC retention characteristics, products 2-4 were identified as B-apo-14’-carotenal,
B-apo-10'-carotenal, and B-apo-8'-carotenal, respectively. Absorbance spectral data for
the purified products are shown in Table 2.1. Shifts in UV/vis A, values for products 2-
4 are consistent with those for homologous apocarotenals with increasing polyene
conjugation.”® Products 2 and 3 show similar mass spectral fragmentation patterns (see
Experimental Procedures), including characteristic M — 15 (loss of CH;) and M — 29 (loss
of CHO) ions. MS of product 4 shows M — 15 to be a very weak fragment and M - 29
loss was not detected. However, the UV/vis spectrum and MS of product 4 matched

those of an authentic B-apo-8’-carotenal standard.



Figure 2.2. Reverse-phase HPLC of B-carotene photooxidation products showing rose bengal
photosensitizer (RB), B-carotene (1), and oxidation product peaks (2-5).
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UV/vis analysis of peak § showed an absorbance maximum at 424 nm (Table
2.1). Both the HPLC retention time and the UV/vis spectrum appeared essentially
identical to those of B-carotene-5,8-epoxide (mutatochrome; MW 552).%° However, MS
of 5 shows the molecular ion at m/z 568 which corresponds to -carotene plus O,. High-
resolution mass spectrometry supported the identification of 5§ as a dioxygen addition
product of f-carotene. The striking similarity between absorbance spectra and
chromatographic behavior of product § and B-carotene-5,8-epoxide suggests that the two
compounds are structurally analogous. Product § thus was tentatively identified as
B-carotene-5.8-endoperoxide.

LC/MS and LC-MS/MS Characterization of p-Carotene-5,8-Endoperoxide 5 and
Its Reduction Product, 5,8-Dihydroxy-p,p-Carotene

Product § was further characterized by LC/MS and LC-MS/MS. The ionspray
mass spectrum of 5 obtained at an orifice potential of 35 V contained an ion at m/z 568,
which corresponded to M™. Less intense ions were observed at m/z 569, 586, 627, and
668, which represented [M + HJ", [M + NH,]", [M + NH, + CH;CN]’, and [M + NH, +
CH,CN + CH;CN]". Adducts of the ion at m/z 568 were not observed. Radical cations
typically are not observed in electrospray mass spectrometry. However, ionization by
loss of an electron from the electron-rich polyene is not surprising. [onization by electron

286

transfer during electrospray has been reported previously. Collisionally induced
dissociation of the Me™ ion at m/z 568 yielded an intense product ion at m/z 536, which

corresponded to elimination of O, from the endoperoxide (Figure 2.3).
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Figure 2.3. LC-MS/MS collision-induced dissociation product ion spectrum of Me™ (m/z 568) for
product 5.
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Product 5 was treated with NaBH, and the reduction product was analyzed by
reverse-phase HPLC. The reduction product exhibited increased polarity (i.e.. a
decreased retention time) compared to endoperoxide 5 (data not shown). Reduction did
not alter the polyene chromophore, as the A, of the reduction product was identical to
that of the endoperoxide. These observations suggested that the reduction product was
the corresponding 5.8-diol 7. The ionspray mass spectrum of the reduction product
displayed an intense ion at m/z 553, which corresponded to {M + H — H,O]" for diol 7.
An intact [M + H]  ion was not observed. The atmospheric pressure chemical ionization
spectrum for this product showed the same result with an additional ion at m/z 535,
consistent with elimination of two water molecules (M + H - 2H,0]". Such facile
elimination of H,O from this highly conjugated allylic alcohol is not unexpected.
Collision-induced dissociation of the (M + H — H,O]" ion at m/z 553 formed by ionspray
yielded product ions at m/z 335, 269, and 243, which resulted from cleavages along the
alkyl chain (Figure 2.4). Shifting of the allylic double bonds must occur during

fragmentation, as direct cleavage of double bonds is unlikely.
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Figure 2.4, LC-MS/MS collision-induced dissociation product ion spectrum of {M + H — H,O]™ (m/= 533)
for product 7.
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Identification of Other Products

Because products of B-carotene photooxidation were recovered by evaporation of
the reaction mixture in vacuo, volatile products may have been lost. To detect volatile
oxidation products, aliquots of the reaction mixture were analyzed directly by GC-MS.
Reaction mixtures from photooxidations in a sealed reaction flask contained a volatile
product that was identified as B-ionone 6 based on its retention time and mass spectrum,
both of which were identical to those of an authentic standard.

Because retinal (B-apo-135-carotenal; vitamin A aldehyde) has been identified in
previous studies of B-carotene autoxidation,™~** we investigated whether retinal or its
reduction product retinol were formed in our photooxidation system. Fractions of the
product mixture with reverse-phase HPLC retention times corresponding to standard
samples of retinal and retinol were collected and reanalyzed by normal-phase HPLC.
Comparison of these normal-phase chromatograms to those of standards indicated that
detectable amounts of neither retinal nor retinol were present in the reaction product

mixture.

Singlet Oxygen Dependence of Photooxidation Products

In photooxidation reactions, excited state photosensitizers can produce free
radicals by Type I reactions and singlet oxygen by Type II reactions.” Under conditions
where direct reactions with the excited photosensitizer are negligible, three different types

of reactions may occur during B-carotene photooxidation (Figure 2.5).
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Figure 2.5. Photosensitized oxidation of B-carotene is mediated by free radicals (Type [) and singlet
oxygen (Type II). B-carotene can form autoxidation products (pathway A), chemically
quench singlet oxygen (pathway B), or physically quench singlet oxygen (pathway C).

B-carotene may physically quench singlet oxygen (pathway C) or it may be oxidized
either by singlet oxygen (pathway B) or by free radicals (pathway A). Thus.
photosensitized PB-carotene oxidation may involve free radical-mediated B-carotene
autoxidation rather than oxidation by singlet oxygen. To determine whether autoxidation

accounted for any of the observed products, the photooxidation of B-carotene was

repeated in solutions containing an equimolar amount of a—tocopherol, an efficient
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inhibitor of free radical-dependent autoxidation.®  Singlet oxygen quenching by
a-tocopherol in this experiment would be minimal because the rate constant for this
reaction (1.48 x 10° M s™) is almost two orders of magnitude less than that for singlet
oxygen quenching by B-carotene (1.2 x 10" M s™).*

To test the assumption that a—tocopherol would inhibit peroxyl radical-dependent
B-carotene autoxidation in solution, we first studied the effect of a—tocopherol on
AMVN-initiated autoxidation of B-carotene in toluene/methanol solution at 37°C.
Reaction products from oxidations with or without a—tocopherol were analyzed by
reverse-phase HPLC. AMVNe-initiated oxidation of B-carotene alone in toluene/methanol
formed 5.6-epoxy-f,B-carotene and 15,15’ -epoxy-B,B-carotene, which had been identified

7 a~Tocopherol inhibited the formation of

as products of similar oxidations in hexane.”
B-carotene-5.6-epoxide and B-carotene-15,15-epoxide for up to 3 h (Figure 2.6). Thus,
a~tocopherol inhibited free radical-dependent f-carotene autoxidation under conditions
similar to those employed in photooxidation experiments. In addition, AMVN-initiated

B-carotene autoxidation in the absence of a—tocopherol did not yield detectable amounts

of the products (2-5) produced by photosensitized oxidation of B-carotene.
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Figure 2.6. AMVN-initiated formation of 5,6-epoxy-p,B-carotene (O) and 15,15'-epoxy-p,B-carotene (@)
in the presence (dashed lines) and absence (solid lines) of 8 uM a~tocopherol.
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After confirming that o—tocopherol inhibited peroxyl radical-dependent
autoxidation under these conditions, we investigated the effect of equimolar
a—tocopherol on photosensitized P-carotene oxidation. f-Carotene was photooxidized
with or without equimolar a—tocopherol, and aliquots of the reaction mixture were
analyzed by reverse-phase HPLC. Peak areas of products 3-5 (normalized to the
photosensitizer peak area, which remained constant throughout the experiment) were
compared with those for the same products in similar oxidations without a—tocopherol
(Table 2.2). a—Tocopherol did not decrease product yield in these experiments; indeed,
a—tocopherol appeared to increase product yield slightly. These observations collectively
indicate that products 3-5 were not formed by free radical-dependent autoxidation during

B-carotene photooxidation.

Table 2.2. Effect of a~tocopherol on formation of f3-carotene photooxidation products*

lativ
Product no a-tocopherol 1 equiv of a—tocopherol
B-apo-10'-carotenal 3 2.69 £0.01 3.57+0.03
B-apo-8'-carotenal 4 2.09 £0.01 2.62£0.03
B-carotene-5,8-endoperoxide 5 0.28 £ 0.01 0.59+0.01

* Photooxidations of f8-carotene were done as described under Experimental Procedures. Reaction mixtures contained either no
a~tocopherol or 1 mol a~tocopherol /mol B-carotene. Values listed are product peak areas normalized to peak area of the
photosensitizer. and represent the mean * standard deviation from three experiments.
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Discussion

B-Carotene may protect plants and mammalian tissues from photosensitized
oxidative damage largely by quenching singlet oxygen. However. since photosensitized
oxidations may be mediated both by singlet oxygen and by free radicals, multiple

2442
t---H..S‘)

antioxidant actions of B-carotene may contribute to its protective effec Specific
chemical markers for different types of antioxidant reactions thus could be used to
monitor the occurrence of these reactions in studies of [-carotene-dependent
photoprotection. Physical quenching of singlet oxygen by B-carotene per se (equation
2.1) does not oxidize B-carotene. In contrast, chemical quenching forms B-carotene
oxidation products, some of which may be specific markers for singlet oxygen quenching.
[t is reported here that singlet oxygen oxidizes B-carotene to carbonyl-containing chain
cleavage products including B-apo-14'-carotenal 2, B-apo-10’-carotenal 3, B-apo-8'-
carotenal 4, and B-ionone 6. as well as a novel oxygen addition product, B-carotene-3.8-
endoperoxide 5.

Of the five B-carotene photooxidation products reported here, three (p-apo-14'-
carotenal 2, B-apo-10’-carotenal 3, and B-apo-8'-carotenal 4) were previously reported to
be thermal degradation products of B-carotene.” B-Apo-14'-carotenal 2, B-ionone 6. and
several other carbonyl-containing chain-cleavage products were reported as products of

8 Moreover, B-apo-10'-

B-carotene autoxidation in carbon tetrachloride or benzene.
carotenal 3 and B-apo-14'-carotenal 2 were identified as products of both "spontaneous”

and azobis(isobutyronitrile)-initiated autoxidation of B-carotene.”’ This suggested that
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the carbonyl products found in our photooxidation experiments may have been formed by
free radical-dependent B-carotene autoxidation rather than by singlet oxygen-dependent
oxidation. Indeed, it seemed possible that carbonyl products may have been formed by
reactions of B-carotene with either singlet oxygen or oxygen radicals.

However, two separate lines of evidence indicate that carbonyl products were not
formed by autoxidation in our experiments. First, a—tocopherol did not inhibit the
formation of apocarotenals 2-4 in the photooxidation system (Table 2.2), whereas it did
inhibit the AMVN-dependent autoxidation of B-carotene under similar conditions (Figure
2.6). Second, we found that apocarotenals 2-4 are not formed in detectable amounts by
AMVNo-initiated autoxidation in the same solvent system used for photooxidations.
These observations indicate that the observed photooxidation products were not formed
by a peroxyl radical dependent mechanism and that the oxidations were mediated by
singlet oxygen.

Further evidence for the role of singlet oxygen as the mediator of PB-carotene
photooxidation comes from the formation of 5.8-endoperoxide 5. To our knowledge, this
product has not been reported previously as a photooxidation product of B-carotene.
However. endoperoxides analogous to 5 have been reported as photooxidation products

282

of retinoids and related compounds.”®-*'** Product 5§ may have been detected previously
by Seely and Meyer, who identified a similar B-carotene photooxidation product as 5.8-

epoxy-B.p-carotene (mutatochrome) on the basis of its chromatographic properties and
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UV/vis spectrum.”®'  This study found that the HPLC elution and UV/vis spectrum of
product 5 were virtually identical to those of authentic mutatochrome.

The formation of endoperoxide 5 is typical of 1.4-cycloaddition reactions of
singlet oxygen with cis dienes.® However, it is not clear what other types of singlet
oxygen-dependent  oxidations occurred in our photooxidation experiments.
Apocarotenals 2-4 and B-ionone 6 may be formed by 1,2-addition of singlet oxygen to
form dioxetane intermediates at C,,, C,y, and C,., respectively. Decomposition of the
dioxetanes would then yield carbonyl fragments, as has been proposed previously.
Although this appears to be the simplest explanation for chain cleavage, it does not
explain the apparent selectivity with which photooxidation cleaves the carotenoid chain.
Products of chain cleavage at other sites, most notably retinal (from cleavage of the
15,15" double bond), were not detected. We also found no evidence for the participation
of the “ene” reaction (i.e., formation of allylic hydroperoxides with double bond
migration) in -carotene photooxidation, as no hydroperoxide containing products were
identified.

Further work will be necessary to determine which products of singlet oxygen
oxidation of B-carotene may be useful chemical markers for singlet oxygen quenching.
Endoperoxide S appears to be uniquely formed by singlet oxygen and has been reported
only as a product of B-carotene photooxidation. In contrast, the carbonyl products

identified here as photooxidation products also apparently are formed by [-carotene

autoxidation in some systems (see above). However. apocarotenals 2-4 were not formed
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by the AMVN-initiated autoxidation under conditions that were otherwise similar to
those used in photooxidation. This suggests that product distributions for B-carotene by
both singlet oxygen and free radicals may depend on the reaction medium. Additional
studies of B-carotene photooxidation in chemically defined, biomimetic systems should
provide insight into the photooxidative reactions that consume B-carotene in biological

systems.
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CHAPTER 3

A NEW METHOD FOR QUANTITATIVE DETERMINATION OF SINGLET
OXYGEN-SPECIFIC AND RADICAL-MEDIATED PHOTOOXIDATION PRODUCTS
FrRoOM LIPOSOMES

Introduction

Lipid peroxidation is implicated in the pathology of several disease processes
including atherosclerosis, ischemia-reperfusion injury, and CCl, intoxication, *” and may
play a role in oxidative DNA damage.”** Oxidation of cellular phospholipid damages
the membrane, is detrimental to cell function, and may lead to cell death. Many different
endogenous and exogenous agents can trigger lipid peroxidation, including
photosensitizers. On exposure to light, photosensitizers produce reactive oxygen species
that can react with lipid and other biomolecules in a process termed photooxidation
(reviewed by Girotti).”® Photooxidation is thought to have an important role in skin
toxicity and carcinogenesis,”****® and is the basis of cancer photodynamic therapy.*”

Photosensitization reactions can produce reactive oxygen species via two
pathways. Absorption of light excites photosensitizers from ground state (S) to a triplet
state (°S) (equation 3.1). In Type I reactions, ’S participates in electron transfer or
hydrogen abstraction reactions with nearby molecules, followed by fast addition of
oxygen to form peroxyl radicals (AOQs) (equation 3.2). In Type II reactions, *S can
transfer its excitation energy to O, to form the non-radical singlet oxygen, a highly

reactive excited-state form of molecular oxygen (equation 3.3). Free radicals formed in
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Type I reactions can initiate lipid peroxidation chain reactions. Singlet oxygen does not
initiate lipid peroxidation chain reactions, but can react with unsaturated phospholipid to
form lipid hydroperoxides that may contribute to chain reaction initiation in the presence

of transition metals.’®

hv

s ™, g (3.1)
s+ A L A0 %, aco. (3.2)
3S + 02 —_—) S +102 (3.3)

Distinguishing between photooxidative mechanisms has value in studies of both
photooxidizing and photoprotective agents. Membrane phospholipid peroxidation
provides a useful model for these types of studies. Many direct and indirect lipid
peroxidation assays exist, but none quantitatively distinguishes between Type I and Type

30132 The method reported here allows for simultaneous measurement of

II pathways.
both Type I and Type II photooxidation pathways. Photooxidation of
dilinoleoylphosphatidylcholine (DLPC) liposomes results in peroxidation of the linoleoyl
moieties of DLPC. Radical-mediated (Type I) photooxidation reactions form equal
amounts of hydroperoxides at the 9’ and 13’ positions, while singlet oxygen-mediated

(Type II) photooxidation reactions form equal amounts of hydroperoxides at the 9', 10,

12. and 13’ positions (Figure 3.1).%°*® Since each pathway forms equal amounts of the
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respective isomers, measurement of 9'-O0H linoleoyl side chains provides an index of
non-specific photooxidation, whereas measurement of 10'-OOH linoleoyl chains provides
an index of singlet oxygen-specific (Type II) photooxidation. To quantitatively
distinguish photooxidation reaction pathways, a sensitive assay for these products has

been developed based on isotope dilution GC-MS.

R"o-&\/\/\/\/g':-'{/w-——'{/\/\

Free Radicals
(Type ) (Typeln

#iw/Lfky/=°\Jh% f{V/Lf§y/==\¢>a

9'-00H 9'-O0H

OOH OOH
N A S =,

13'-O0H 10°-O0H

PG SN

12'-O0H

N U

13'-O0H

Figure 3.1. Photooxidation of linoleoyl groups in phospholipids forms hydroperoxides. Singlet oxygen
oxidation adds -OOH at either 9’, 10", 12’, or 13’ positions. Oxygen radical attack forms only
the conjugated dienyl 9'- and 13'-hydroperoxides. This allows singlet oxygen-specific and
radical-mediated lipid peroxidation to be distinguished by identification and quantification of
the specific lipid hydroperoxide isomers.
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Experimental Procedures

Chemicals

1.2-Dilinoleoyl-sn-glycero-3-phosphocholine (Avanti Polar Lipids, Alabaster,
AL). methyl linoleate (18:2n-6) (Nu-Chek Prep, Elysian, MN), 12-hydroxylauric acid
(12:0) (Fluka Chemical Corp., Ronkonkoma, NY), and methanol-d, (Cambridge Isotope
Laboratories, Andover, MA) were used as received. Methylene blue and butylated
hydroxytoluene (BHT) were from Sigma (St. Louis, MO). Sodium hydride (60% in
mineral oil), sodium borohydride (NaBH,), tetraphenylporphine (TPP), Rose Bengal
(RB). Rose Bengal bis(triethylammonium) salt (RBTEA) (dye content 90%). and
platinum oxide were from Aldrich (Milwaukee, WI). bis(Trimethylsilyl)-
trifluoroacetamide + 1% trimethylchlorosilane (BSTFA + 1% TMCS) was from Pierce
(Rockford, IL). All other reagents and solvents were of the highest grade of purity

available, and used as received.

Preparation of 9- and 10-Hydroxymethyl Linoleate Standards

Preparation of 9-hydroxymethyl linoleate (9-OH MeLin) and 10-hydroxymethyl
linoleate (10-OH MeLin) was based on the method of Terao er al.’” Methyl linoleate
(100 mg, 6.80 mM) and methylene blue (1.6 mg, 5 pmol) were dissolved in 50 mL
methanol. This solution was bubbled with O, in a jacketed borosilicate glass flask and
illuminated with a 300-W tungsten-halogen lamp at a distance of 15 cm for 12 h at 25°C.

Solvent was evaporated in vacuo. The product residue was reacted with 10 mg NaBH, in
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3 mL methanol for 30 min at room temperature to reduce lipid hydroperoxides to lipid
alcohols. 3 mL H,O and 10 drops HCI (2.0 M) were added to the reaction mixture, and
lipid was extracted with an equal volume of hexane/isopropanol (3:2 v/v). Methyl
linoleate and its hydroxides were separated by normal-phase HPLC on a 5-um Spherisorb
silica column (4.6 x 250 mm), eluted with hexane/isopropanol/acetic acid (99:1:0.1 v/v)
delivered at 1.0 mL min' with a Hewlett-Packard 1050 4-channel gradient pump
(Hewlett-Packard. Palo Alto, CA). Products were detected with a Hewlett-Packard
Model 1040M diode-array detector system coupled to a Hewlett-Packard 486-DX2
computer running ChemStation version A.02.02 software. Products eluting at 12.7 min
and 14.2 min were identified as 10-OH MeLin and 9-OH MeLin, respectively by GC-MS
analysis (described below). These products were collected and re-purified by HPLC as

above.

Preparation of d,9- and d;10-OH MeLin Internal Standards

Deuterated internal standards of 9- and 10-OH MeLin were prepared by
transesterification with methanol-d,.  Purified hydroxymethyl linoleate compounds
collected above were dissolved separately in 1 mL methanol-d,, added to ~10 mg NaH,
and incubated 30 min at room temperature. (Immediately prior to addition, NaH was
washed with hexane several times to remove trace amounts of mineral oil. Excess hexane
was discarded to prevent phase separation of lipid, but NaH was not allowed to dry
completely). Potassium phosphate buffer (3 mL pH 7.0, 2.0 M) was added and lipids

were extracted with an equal volume of hexane/isopropanol (3:2 v/v). Solvent was



106

removed in vacuo and deuterated lipids were stored in hexane at-20°C. Synthesis and

recovery of deuterated products were confirmed by GC-MS analysis (described below).

Quantification of Hydroxymethyl Linoleate Standards by GC-FID

A standard curve was prepared from dilutions of pure 9-OH MeLin (quantified by
UV/vis (g = 25,900 M in hexane)*® ranging from 20 to 200 ng of the standard injected
and containing 21 ng method internal standard 12-hydroxymethyl laurate (prepared via
treatment of 12-hydroxylauric acid with ethereal diazomethane). Samples were
derivatized to their trimethylsilyl (TMS) ethers, injected on-column onto a 20 m x 0.53
mm i.d. DB-5 capillary column (J&W Scientific, Folsom, CA) with helium as the carrier
gas, and detected with flame ionization (FID). The GC oven temperature was 100°C for
2 min, programmed to 280°C at 15°C min", and held for 6 min. The detector temperature
was 250°C. Stock solutions of 10-OH, d;9-OH and d;10-OH MeLin were standardized
by similar GC-FID analysis of aliquots calibrated with the 9-OH MeLin standard curve.
Since 9-, 10-, d;9-, and d;10-O-TMS ethers of methyl linoleate are positional isomers.,
equal GC-FID response factors of each were assumed. TMS derivatization of
hydroxymethyl linoleate isomers was confirmed with parallel analysis using GC-MS

(data not shown).

Liposome Photooxidation

A gentle stream of N, was used to remove CHCI, solvent and form a thin film of

DLPC (10 mg, 12.8 umol) in a silanized round-bottom flask. In experiments where
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photosensitizer was incorporated into the lipid bilayer, 0.50 umol TPP or RBTEA was
added prior to solvent removal. Liposomes were formed by vortex mixing the contents of
the flask for 60 sec in 10 mL buffer (50 mM Tris HCI, 100 mM NaCl, pH 7.0) followed
by bath sonication for 3 min. Liposomes were transferred to a 50 mL 3-neck pear flask
suspended in a 37°C H,O bath. The side necks were connected to a reflux condenser
(cooled with chilled H,O to prevent evaporation of buffer) and an O, inlet tube.
Liposomes were bubbled with O, under illumination provided by a 300-W tungsten-
halogen lamp at a distance of 15 cm. 1 mL aliquots were removed through the center
neck at various timepoints. In experiments where photosensitizer was added directly to
liposomes, 50 ul. RB (0.01M, H,0) or methylene blue (0.01M, methanol) was added

immediately prior to illumination.

Extraction and Preparation of Liposome Photooxidation Products

Extraction / NaBH, reduction / transesterification. Liposome samples were
extracted with equal volumes of ethyl acetate containing BHT (22 pg, 100 nmol) to
prevent adventitious oxidation during treatment. Samples were dissolved in 1.5 mL
methanol and treated with 5 mg NaBH, for 30 min at room temperature. 3 mL H,O and
10 drops HCL (2.0 M) were added to the reaction mixture, and lipid was extracted with
an equal volume of hexane/isopropanol (3:2 v/v). The solvent was evaporated with a
gentle stream of N,, and samples were redissolved in 1 mL KOH/methanol (100 mg/mL)

for 10 min at room temperature, followed by addition of 2 mL potassium phosphate
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buffer (pH 7.00, 2.0 M). Samples were extracted with an equal volume of
hexane/isopropanol (3:2 v/v), and transferred to 1.5 mL screw-cap autosampler vials.
Derivatization/hydrogenation. Prior to derivatization 25 nmol d;9- and d;10-OH
MeLin internal standards were added to each vial. TMS ethers were prepared by addition
of 100 uL BSTFA + 1% TMCS to samples, which were sealed with a Teflon-lined cap
and heated for 45 min at 65°C. After heating, samples were evaporated with a gentle
stream of N, and redissolved in 0.5 mL ethyl acetate. Platinum oxide (3 mg) was added
to each vial and samples were purged with hydrogen gas for 2 min to reduce samples to
methyl stearate-O-TMS ethers. Solvent was evaporated with a gentle stream of N, and
samples were immediately redissolved in 0.5 mL toluene for GC-MS analysis. The
platinum catalyst settled to the bottom of the vial and did not interfere with sample
injection. For standard curves, mixtures of standard 9- and 10-OH MeLin (1-100 pmol)

were carried through the derivatization/hydrogenation procedure described above.

GC-MS Analysis
GC-MS was performed with a Fisons MD800 mass spectrometer coupled to a
Carlo Erba 5000 series GC (Fisons Instruments, Beverly, MA). Samples were injected
on-column with a Fisons A200S autosampler, separated on a 30 m x 0.25 mm i.d.
DB-5ms capillary column (J&W Scientific, Folsom, CA) with helium as the carrier gas,
and ionized with a 70-eV electron beam. The GC oven temperature was 100°C for 2 min,
programmed to 280°C at 15°C min™, and held for 2 min. The transfer line and source

were maintained at 250°C and 200°C, respectively. Some samples were monitored in the
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selected ion mode at m/z ratios for characteristic fragment ions of 9- and 10-O-TMS

methyl stearate and their corresponding d;-labeled internal standards.
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Results

Preparation of Quantitative Standards

The compounds 9'- and 10’-hydroperoxy DLPC are respective markers for non-
specific and singlet oxygen-mediated photooxidation of DLPC liposomes. Direct
analysis of these products by GC methods is impractical, and HPLC methods lack
quantitative standards as well as specificity due to the presence of two oxidizable
linoleoyl moieties per DLPC molecule. Indirect analysis is possible by quantitative
conversion of these marker products to readily analyzable analogs. DLPC
hydroperoxides can be converted to stable hydroxides with NaBH,, and DLPC linoleoyl
moieties can be trans-esterified to methyl linoleate with methanol and strong base. This
strategy results in high yield conversion of hydroperoxy DLPC to more readily
analyzable hydroxymethyl linoleate. Isotope dilution GC-MS quantitative analysis
requires pure standards plus deuterated analogs. Since the lipid peroxidation products of
interest in this study are not commercially available, they must be synthesized and

standardized.
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Figure 3.2. Normal-phase HPLC chromatogram of methyl linoleate photooxidation products showing
methyl linoleate (1) and oxidation product peaks (2-5)

Photooxidation of methyl linoleate. 9- and 10-OH MeLin were synthesized by
photooxidation of methyl linoleate with the photosensitizer methylene blue. Normal-
phase HPLC analysis of the photooxidation products was consistent with the result of
Chacon et al.** and shows four major product peaks plus parent methyl linoleate (Figure
3.2). Each product was collected and analyzed by GC-MS following derivatization to
TMS ethers. Products corresponding to peaks 4 and 5 were identified as 10-OH MeLin

and 9-OH MeLin, respectively (Figure 3.3).



Figure 3.3. Electron-ionization mass spectra of product peaks 4 and 5 (Figure 3.2) following TMS
derivatization. Fragmentation patterns shown were used to identify these products as 10-OH
MeLin (A) and 9-OH MeLin (B).
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Deuterium labeling of 9- and 10-OH MeLin. d;-Labeled internal standards offer
the advantage of quantification based on peak area ratios, which automatically corrects
for recovery losses during derivatization and workup. Co-elution problems are also
eliminated as long as monitored ions are specific for the compounds being measured. In
this study, 9- and 10-OH MeLin were labeled with deuterium by transesterification of the
methyl ester with methanol-d, (CD;0D). Both products were analyzed by GC-MS
(Figure 3.4), and recovery was calculated to be >99%, based on ion current peak areas of

the most abundant carboxy-terminal fragment ions ( My, / My, ).

Quantification of 9-, 10-, d;9-, and d;10-OH MeLin standards. Standards were
quantified by GC-FID analysis calibrated to a standard curve of 9-OH MeLin (Figure
3.5). This method assumes equal response factors of the four standards in FID detection.
and allows for absolute quantification of the non-conjugated dienes 10-OH and d,10-OH

MelLin.



Figure 3.4. Electron-ionization mass spectra of d;9-O-TMS MeLin (A) and d;10-O-TMS MeLin (B)
following transesterification of purified 9- and 10-OH MeLin with methanol-d,. M~ at m/=
385 is 3 mass units higher than the molecular mass of unlabeled methy! linoleate-O-TMS,
confirming the addition of deuterium label.
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GC-FID standard curve of 9-OH MeLin. 60 to 600 pmol 9-OH MeLin and 90 pmol 12-
hydroxymethyl laurate internal standard were derivatized to TMS ethers and analyzed as
described in Experimental Procedures. Stock solutions of d;9-. 10-. and d,10-OH MeLin
were standardized by similar analysis of aliquots which fell within the linear range of the
standard curve (r* = 0.9997). Results are expressed as mean + SD (n = 3).
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Method Application: Time Course Study of Liposome Photooxidation

DLPC liposomes were photooxidized with various photosensitizers, and the lipid
peroxidation products were analyzed as described in Experimental Procedures. Products
were quantified using isotope dilution GC-MS calibration curves of 9- and 10-OH
MeLin. Non-specific vs. singlet oxygen-specific lipid peroxidation was measured over a
4 h period in liposomes photooxidized with the photosensitizers methylene blue. RB.
RBTEA, and TPP (Figure 3.6). Solubility of the lipophilic photosensitizers RBTEA and
TPP is poor in aqueous buffer. Since photooxidation may partially depend on the
proximity of the photosensitizer to the membrane,”*** these photosensitizers were
incorporated directly into the lipid bilayer during liposome preparation. Methylene blue
and RB were soluble in the buffer and added after the liposomes were formed (see
Experimental Procedures).

Photooxidation of DLPC liposomes by the different photosensitizers produced
varied results. In liposomes photooxidized with RBTEA and RB, products were not seen
after 30 min. [t is important to note however, that these photosensitizers were rapidly
bleached as compared to methylene blue and TPP. Visible coloration of the liposomes
was virtually absent by 75 min. More photooxidation occurred with RBTEA than with
RB, though this may reflect differences in their respective locations in the liposome

mixture.
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Methylene blue and TPP produced different photooxidation profiles. Production
of 10°-O0H linoleate is a marker for Type II-mediated lipid peroxidation, whereas
production of 9’-OOH linoleate is a marker for both Type [ and Type II. A time-
dependent increase in non-specific lipid peroxidation occurred for the first 120 min, while
levels of both products dropped off after 180 min. This is not unexpected, since the
products detected can undergo secondary oxidation to other compounds.*”’

In methylene blue-photosensitized photooxidation, production of both 9'- and 10'-
OOH linoleate is identical for the first 75 min of the reaction. The contrast between 9'-
and 10’-OOH linoleate production after 75 min is interesting. Since these markers are
produced in equal amounts by Type II photooxidation, the difference between levels of
9'- and 10'-OO0H linoleate is the level of 9'-OOH linoleate produced by radical-mediated
oxidation. From Figure 3.6, it is apparent that radical-mediated processes surpass singlet
oxygen-mediated oxidation after initial stages of photooxidation. Radicals formed by
Type I photooxidation can initiate lipid peroxidation chain reactions. Therefore,
formation of some 9’-OOH linoleate is not sensitizer-dependent. In the absence of an
antioxidant, these photosensitizer-independent chain reactions may cause rapid
membrane degradation.

Type II mechanisms make a smaller contribution to total lipid peroxidation in
TPP-sensitized photooxidation than in methylene blue-sensitized photooxidations. Thus,

a singlet oxygen quencher would be less effective in inhibiting TPP-induced

photodamage than methylene blue-induced photodamage. Determining the contribution
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of various photooxidation mechanisms will be important in studies of both
photoprotective and photooxidative agents. This method can be used to study
“photooxidation profiles” of various photosensitizing agents, and determine how the
mechanistic profiles are affected by compounds such as antioxidants and singlet oxygen

quenchers.



Figure 3.6. Effect of various photosensitizers on photooxidation of DLPC liposomes. The effects of the
photosensitizers methylene blue (A), TPP (B), RBTEA (C), and RB (D) on production of 9'-
OOH linoleate (non-specific photooxidation) and 10-OOH linoleate (singlet oxygen-
mediated photooxidation) are shown. TPP and RBTEA were incorporated into the liposome
bilayer. while methylene blue and RB were added to the mixture immediately prior to
illumination of the liposomes. Results are expressed as mean + SD (n = 3)
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Discussion

In this study, a method for quantitative determination of non-specific vs. Type II-
mediated photooxidation products in liposomes was developed. This method is based on
the production of quantitative standards of 9- and 10-OH MeLin and their d;-labeled
analogs. This method offers fmol sensitivity and distinguishes between radical-mediated
and singlet oxygen-specific lipid peroxidation.

The photooxidation products of the linoleoyl moiety of DLPC are well
characterized.’**® Standards of the methyl esters of these products can be synthesized
and reduced to stable hydroxides, as demonstrated by Thomas and Pryor.® The four
products of this reaction are 9-, 10-, 12-. and 13-OH positional isomers. Normal-phase
HPLC analysis of the product mixture did not adequately resolve the 12- and 13-OH
isomers, whereas baseline resolution of 9- and 10-OH isomers was achieved (Figure 3.2).

305309

This is consistent with previous studies on photooxidized MeLin. Type I
photooxidation of DLPC forms equal amounts of 9'- and 13'-OOH linoleate, while Type
[I photooxidation forms equal amounts of all four isomers. Since these processes form
equal amounts of their respective isomers, (and since HPLC purification of 12- and 13-
OH MeLin is unsuccessful so far), it is only necessary to measure levels of 9'- and 10'-
OOH linoleate as indices of non-specific and Type Il-mediated photooxidation.
respectively.

Absolute quantification of purified 9~ and 10-OH MeLin, (and their d;-analogs).

can be achieved with a combination of UV/vis and GC-FID. 9-OH MeLin contains a
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strongly absorbing conjugated diene chromophore and can be quantified with UV/vis
spectroscopy based on published extinction coefficients.*® The 10-OH isomer does not
contain a conjugated diene and quantification based only on the weakly absorbing
carbonyl is unreliable, since the absorbance maximum of this functional group is near or
below the UV cutoff of most solvents.’® FID responds proportionately to the number of
—CH,- groups introduced into the flame.*'° Since 9- and 10-OH MeLin vary only in the
position of the hydroxyl group, FID detector response to equal amounts of these
compounds is assumed to be equivalent. (This assumption was made in a previous study

' Thus. stock solutions of

of fatty acid methyl ester quantification by Onkenhout et al.)
10-OH MeLin can be quantified by GC-FID using calibration curves based on known
amounts of 9-OH MeLin. Deuterium-labeled 9- and 10-OH MeLin., prepared by
transesterification with methanol-d, and quantified with GC-FID, serve as internal
standards for GC-MS analysis of these compounds.

GC-MS analysis of hydroxymethyl linoleate isolated from photooxidized DLPC
liposomes is simplified by saturation of the double bonds prior to analysis. Specific
detection of 9-OH MeLin with GC-MS is difficult since TMS ethers of 9- and 13-OH
MeLin are not completely resolved, and both show fragment ions at m/z 225 and m/z
311.*"*  Hydrogenation of products eliminates this problem since TMS ethers of
hydroxymethyl stearate isomers all have isomer-specific fragment masses (Figure 3.7).

Catalytic hydrogenation was adapted from the method of Lehmann et al., in which

products are subjected to hydrogenation with platinum oxide/H, after TMS
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derivatization.”? This simplifies sample preparation by eliminating platinum oxide
filtration steps. and preventing possible interference of the platinum oxide with BSTFA
derivatization.

Selected ion monitoring of characteristic fragment ions of methyl stearate-TMS
ethers is sensitive and specific for the positional isomers of interest. Since fragment ions
are characteristic of their respective compounds, co-elution of the other oxidation
products is not a problem. Fragmentations of the major products 9-, 10-, 12-, and 13-O-
TMS methyl stearate are shown in Figure 3.7.

Photooxidation of DLPC liposomes by methylene blue showed a parallel time-
dependent increase in 9'- and 10'-OOH linoleate as expected (Figure 3.6). However,
levels of 9'-OO0H increased faster than 10’-OOH at later timepoints. This divergence can
be interpreted as a shift in oxidative processes from Type II-mediated photooxidation to
radical-induced lipid peroxidation. Due to equivalent levels of 9'- and 10’-OOH linoleate.
it appears that Type II mechanisms prevail in early stages of lipid peroxidation, whereas
radical-mediated processes are responsible for a greater fraction of lipid peroxidation at
later stages. A buildup of lipid hydroperoxides at early stages may enhance Type I
photooxidation at later stages. Lipid hydroperoxides may readily undergo secondary
reactions with excited state sensitizer (or possibly O,") to form radicals which can initiate
lipid peroxidation via Type | mechanisms (Figure 3.8). Following initiation, propagation

of lipid peroxidation chain reactions is pO,-dependent, not photosensitizer-dependent



(Figure 1.12). Thus, levels of radical-mediated products may increase rapidly at later

stages of lipid peroxidation.
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Figure 3.7. Key electron-ionization MS fragment ions of 9-, 10-, 12-, and 13-O-TMS methyl stearate.
Specific carboxy-terminal fragment ions for 9-O-TMS methyl stearate (m/- 259) and 10-O-
TMS methyl stearate (m/= 273) were monitored along with corresponding ions for d;-internal

standards (m/= 262 and m/= 276).
Simultaneous measurement of singlet oxygen-specific and non-specific lipid

peroxidation is useful in determining a photooxidation profile of photosensitizing agents.

Methylene blue causes more singlet oxygen-mediated lipid peroxidation than TPP does in



this system. Rose Bengal and its triethylammonium derivative appeared to have little
effect, especially after 30 min. This result is probably due to the rapid bleaching of
photosensitizer that was observed in these experiments.

Improvements in sensitivity and specificity of lipid peroxidation analyses will
enhance studies on oxidative damage in biological systems. Current assays measure lipid
peroxidation both directly and indirectly and include UV/vis analysis of conjugated
dienes, the thiobarbituric acid-reactive substances test (TBARS), and GC or HPLC
techniques. However, sensitivity and specificity of these assays are not always adequate.
especially in increasingly complex in vitro and in vivo systems.”®'*"2" These assays are
unable to quantitatively distinguish between radical-induced and singlet oxygen-induced
lipid peroxidation. In this study, a quantitative lipid peroxidation assay which
distinguishes between singlet oxygen-specific and non-specific lipid peroxidation was
developed. This method can be used in characterization of photooxidative agents
important in phototoxicity, carcinogenesis, and photodynamic therapy of cancer. This
model can also be used to study the effect of antioxidants such as B-carotene in a
membrane model of photooxidation. Knowledge of the interaction between singlet
oxygen and photoprotective agents (e.g., B-carotene) in a membrane model system will

be valuable in determining mechanisms of action.
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Figure 3.8. Mechanisms of photosensitizer-induced lipid peroxidation at early and late stages. Excited-
state sensitizer (S*) catalyzes Type [ and Type II photooxidation. At later stages, lipid
hydroperoxides produced by Type II mechanisms may accelerate radical-mediated lipid
peroxidation by providing substrate for Type I photooxidation mechanisms.




CHAPTER 4

EFFECT OF B-CAROTENE ON SINGLET OXYGEN-SPECIFIC LIPID
PEROXIDATION IN PHOTOOXIDIZED LIPOSOMES

Introduction

Reactive oxygen species such as free radicals and singlet oxygen are responsible
for oxidative damage to biomolecules and linked to carcinogenesis, atherosclerosis. and
premature aging. Free radicals can initiate lipid peroxidation chain reactions, which can
affect membrane fluidity, integrity, and transport processes; as well as lead to cell death.
Singlet oxygen is a non-radical, highly reactive form of molecular oxygen which
contributes to lipid peroxidation, DNA oxidation, and can cause DNA strand breaks.”’***

Photosensitizers are compounds which can produce reactive oxygen species when
exposed to light. Examples of photosensitizers include dyes, such as Rose Bengal and
methylene blue; drugs such as tetracyclines, amiodarone, and chlorpromazine; polycyclic

7297 Photosensitization

hydrocarbons found in coal tars; and endogenous porphyrins.”
forms oxygen radicals and singlet oxygen by Type I and Type II photooxidation
mechanisms, respectively®® (Figure 1.16). Photooxidation reactions are important in skin
toxicity, carcinogenesis, and photodynamic therapy of neoplastic disease.”” Over-
production of porphyrins in the skin is responsible for erythropoietic protoporphyria, a

condition manifested by burning sensation, edema, and erythema. This condition is

thought to be due to singlet oxygen production by photosensitizing porphyrins and can be
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ameliorated by administration of high doses of the singlet oxygen quencher B-carotene
(up to 180 mg/day)."®

B-Carotene (Figure 1.1) is a vitamin A precursor and antioxidant nutrient which
has been inversely correlated to cancer risk in several epidemiological studies.’”
Potential chemoprotective actions of f-carotene may be due to its ability to act as an
antioxidant.”* B-Carotene is a very effective singlet oxygen quencher” and has been

M85 B.Carotene

shown to protect liposomes from singlet oxygen-induced damage.
prevents singlet oxygen-induced damage by physical quenching, where excess energy is
absorbed by B-carotene, thus converting singlet oxygen to ground-state triplet oxygen.
B-Carotene can also quench singlet oxygen chemically to form B-carotene oxidation
products.*

Peroxidation of phospholipid occurs at unsaturated portions of fatty acyl side
chains. Singlet oxygen reacts at any of four positions (9', 10°, 12', or 13') on linoleoyl
(18:2) moieties (Figure 1.19), while peroxyl radicals cause peroxidation at only two
positions (9' and 13')** (Figure 1.18). Thus, 10’- and 12’-OOH linoleate are specific
markers for singlet oxygen-induced lipid peroxidation, while 9'- and 13'-O0H linoleate
are markers for non-specific lipid peroxidation. Measurement of these products can be
used to distinguish between Type I and Type II mechanisms in photooxidation reactions
(see Chapter 3).

The purpose of this study is to assess the differential effect of the antioxidant

B-carotene on Type [ and Type II-mediated photooxidation in DLPC liposomes. In this



study, dilinoleoylphosphatidylcholine (DLPC) liposomes were subjected to
photosensitized oxidation with methylene blue. The effects of B-carotene, a-tocopherol,
and cumene hydroperoxide on Type [ vs. Type II mechanisms were measured by GC-MS
analysis of singlet oxygen-specific and non-specific lipid peroxidation products. We also
attempted to monitor B-carotene-5,8-endoperoxide, which is a major product and specific
marker for singlet oxygen quenching by B-carotene in solution and is a potential marker

for this activity in complex systems.*'®



Experimental Procedures

Chemicals
Propionic anhydride (Aldrich, Milwaukee, WI), cumene hydroperoxide (Sigma,
St. Louis, MO), and fB-carotene (Fluka Chemical Corp., Ronkonkoma, NY) were used as
received. d-a—Tocopherol was a gift from Henkel Fine Chemicals, (La Grange, IL). All
other reagents and solvents were of the highest grade of purity available, and used as

received.

Liposome Photooxidation
DLPC liposomes were photooxidized according to the method described in
Chapter 3. Some experiments contained PB-carotene, B-carotene-5.8-endoperoxide, or
a-tocopherol incorporated into the liposome membrane. In these experiments,
compounds were mixed with DLPC and solvent was removed with a gentle stream of N,
prior to liposome formation. In experiments with cumene hydroperoxide, this compound

was diluted in methanol (286 uM) and added to the buffer prior to liposome formation.

Synthesis of B-Carotene-5,8-Endoperoxide

B-carotene-5.8-endoperoxide was prepared by singlet oxygen oxidation of
B-carotene with methylene blue. B-carotene (1.6 mg, 3.0 umol) and methylene blue (1.3
mg, 4.1 pumol) were dissolved in 50 mL toluene. This solution was bubbled with O, in a

jacketed borosilicate glass flask and illuminated with a 300-W tungsten-halogen lamp at a



distance of 15 cm for 2 h at 5°C. Solvent was evaporated in vacuo, and carotenoids were
separated from the product residue via differential solubility in hexane. Solvent was
evaporated in vacuo, and the product residue was dissolved in mobile phase for
purification by HPLC, according to the method described in Chapter 2. All products

were handled under reduced light.

HPLC Analysis of Carotenoid Depletion

Liposome samples containing B-carotene or B-carotene-5,8-endoperoxide were
extracted as described in Chapter 3. Using 22 nmol o-tocopherol propionate as an
injection internal standard (prepared according to the general method of Baxter et al.’!” by
esterification of a-tocopherol with propionic anhydride), samples were analyzed by
reverse-phase HPLC on a 5-pm Spherisorb ODS-2 column (4.6 x 250 mm), eluted with
methanol/hexane (90:10 v/v) delivered at 1.5 mL min® with a Hewlett-Packard 1050 4-
channel gradient pump. Products were detected with a Hewlett-Packard Model 1040M
diode-array detector system coupled to a Hewlett-Packard 486-DX2 computer running

ChemStation version A.02.02 software.

GC-MS Analysis of Lipid Peroxidation

Lipid peroxidation products were prepared and analyzed as described in Chapter
3. To prevent interference, B-carotene was removed from some samples by solid-phase
extraction (SPE). Silica gel SPE columns (BAKERBOND, J.T. Baker, Phillipsburg, NJ)

were prewetted with methanol followed by a hexane rinse. Liposome samples were
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poured over columns, carotenoids were eluted with 4 mL hexane, and lipid was eluted
with 12 mL methanol. Solvent was removed in vacuo prior to NaBH, reduction.
Recovery of phospholipid was verified by analyzing eluent for the presence of
phospholipid phosphate, according to the method of Fiske and Subbarow®'® (data not

shown).

GC-MS Analysis of a-Tocopherol

a-Tocopherol depletion from photooxidized liposomes was measured by isotope
dilution GC-MS according to the method of Liebler et al.>** with dq-labeled a-tocopherol
as an internal standard. Liposome samples were collected and extracted according to the
method described in Chapter 3. Extracts contained a-tocopherol as well as lipid and
were diluted prior to analysis. Characteristic fragment ions of a-tocopherol- and d,-
o-tocopherol-TMS ethers were detected with selected ion monitoring. The presence of
lipid did not interfere with a-tocopherol analysis, as confirmed by full-scan analysis (data

not shown).

LC-MS Analysis of B-Carotene-5,8-Endoperoxide

DLPC liposomes containing 0.45 mol% [-carotene were photooxidized and
sampled at various timepoints. Samples were extracted as described in Chapter 3. and
aliquots were analyzed for B-carotene-5,8-endoperoxide by reverse-phase LC-MS.
Samples were injected onto a 5-pm Spherisorb ODS-2 column (4.6 x 250 mm) coupled to

a Finnigan TSQ7000 triple quadrupole instrument (Finnigan MAT, San Jose, CA)



equipped with a DEC 3000 Alpha work station, a Finnigan atmospheric pressure
chemical ionization (APCI) source (positive ion mode), and a Hewlett Packard 1050

HPLC solvent delivery system pumping methanol/hexane (90:10 v/v) at 1.5 mL min™.



Results

Effect of B-Carotene on Type | vs. Type Il Photooxidation in DLPC Liposomes

Lipid peroxidation. Photooxidation of DLPC liposomes with methylene blue
occurs via two reaction pathways. Type I photooxidation is radical-mediated, and forms
hydroperoxides at the 9' position on the linoleoyl moiety. Type II photooxidation is
singlet oxygen-mediated and forms hydroperoxides at both the 9" and 10’ positions.
Thus, 10’-O0OH linoleate is a marker for singlet oxygen-specific lipid peroxidation.
whereas, 9'-O0H linoleate indicates oxidation by singlet oxygen and radicals. The
contribution of radicals can be inferred by comparing levels of the 9-OOH and 10’-OOH
linoleate products. These can be measured as described in Chapter 3. The effect of
B-carotene (0.45 mol%, based on phospholipid) on methylene blue-sensitized
photooxidation of DLPC liposomes is shown in Figure 4.1 and Table 4.1. B-Carotene
significantly inhibited early-stage lipid peroxidation for the first 75 min as indicated by
levels of 9'-O0OH and 10’-OOH linoleate. This was followed by an increase in these
products from 75 to 180 min. After 75 min, levels of 9-OOH linoleate increased faster
than 10’-O0H linoleate. (Note that levels of products appear to decrease towards the end
of the experiment. This is due to secondary oxidation, which consumes both products at
very late stages of lipid peroxidation.) This divergence in the product curves following

early-stage lipid peroxidation indicates an increasing contribution of radical-mediated



processes, and the importance of Type I photooxidation at later stages of lipid
peroxidation.

The concentration of B-carotene used (0.45 mol%) was chosen based on previous
studies that showed liposomes containing more than 0.5 mol% B-carotene are difficult to
prepare because pB-carotene tends to crystallize out in the aqueous buffer during
sonication™. Studies in our laboratory showed that microsomes from Mongolian gerbils
supplemented 6 weeks with 0.1% dietary B-carotene contain 0.21 mol% B-carotene based

on phosphate levels (unpublished observations).

Table 4.1. Effect of various agents on rates of LOOH isomer production in photooxidized DLPC

liposomes®
Methylene blue 0.780 £ 0.168 0.648 +0.026
Methylene blue + 0.45 mol% B-carotene 0.082 £ 0.016* 0.058 +£0.013*
Methylene blue + 0.45 mol% a-tocopherol 0.693 £0.190 0.546 +0.067
Methylene blue + 4.5 mol% a-tocopherol 0.044 £ 0.012* 0.018 +0.008*
Methylene blue + 0.45 mol% cumene hydroperoxide 1.30 £0.190* 0.696 + 0.105

3 Rates (nmol mL"' min™') calculated based on linear portion of curves (0-75 min). Results are expressed as mean + SD (n=3).
b Asterisks indicate significant differences between rates of production of respective LOOH isomers as compared to control (DLPC
liposomes photooxidized with methylene blue alone) based on the Student’s r test (two-tailed. p< 0.05)
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Photooxidation of DLPC liposomes containing 0.45 mol% {-carotene (BC). DLPC liposomes
were photooxidized with methylene blue, extracted and analyzed by GC-MS as described in
Experimental Procedures. 9'-OOH linoleate (O) and 10'-OOH linoleate (A) indicate levels
of non-specific and singlet oxygen-specific photooxidation, respectively, in the presence
(filled symbols) and absence (open symbols) of B-carotene. Results are expressed as mean +
SD (n = 3).
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B-Carotene is an excellent singlet oxygen quencher, but a poor free radical-
trapping antioxidant under conditions of high p0O,.**' This is in contrast to a-tocopherol,
which is less effective as a singlet oxygen quencher, but a better free radical scavenger at
pO, levels seen in this experiment.*** B-Carotene inhibited both non-specific and singlet
oxygen-mediated photooxidation, indicating that methylene blue photooxidation occurs
via mainly a Type II mechanism at least in initial stages. To test this assumption, the
effect of 0.45 mol% a-tocopherol on methylene blue-sensitized photooxidation of DLPC
liposomes was measured (Table 4.1, Figure 4.2). Early-stage production of 9'- and 10’-
OOH linoleate was not significantly altered in the presence of a-tocopherol as compared
to photooxidized control liposomes. A divergence in marker product production was
observed after 75 min in both control and a-tocopherol-containing liposomes. indicating
increasing Type [ photooxidation in this system. The lack of inhibition of radical-
mediated photooxidation appears to be due to rapid consumption of a-tocopherol by
singlet oxygen in early stages (see below).,

To test the effect of a higher a-tocopherol concentration, this experiment was
repeated with 4.5 mol% a-tocopherol (Table 4.1, Figure 4.3). This level of a-tocopherol
caused a significant lag in formation of both 9'- and 10’-OOH linoleate for the first 3 h as
compared to control liposomes. After 75 min, there was a parallel time-dependent
increase in both products, indicating that lipid peroxidation is occurring via a Type II
mechanism. In contrast to experiments with B-carotene, levels of 9°-OOH linoleate did

not increase faster than 10°-OOH linoleate following the lag in formation. This indicates
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that radical-mediated photooxidation processes were suppressed by this level of
a-tocopherol, even in later stages of lipid peroxidation.

Antioxidant depletion. Photooxidative processes can result in the destruction of
B-carotene and a-tocopherol by autoxidation, antioxidant activity, or chemical quenching
of singlet oxygen. Levels of B-carotene and a-tocopherol were measured during the
course of photooxidation to study their depletion over time. Depletion of B-carotene in
photooxidized DLPC liposomes was analyzed by HPLC (Figure 4.4). This analysis
shows that B-carotene was not totally consumed in these experiments. Photooxidation
resulted in depletion of ~35% of the B-carotene at 75 min, with >40% still remaining
after 4h.

An equivalent level of a-tocopherol was much less effective than B-carotene in
inhibiting photooxidative damage in these experiments. To test the stability of
a-tocopherol in this system, depletion was measured by GC-MS (Figure 4.5). As shown
in the graph, a-tocopherol is rapidly consumed in this system, even at a 10-fold higher
concentration (4.5 mol%). When DLPC liposomes containing 0.45 mol% «-tocopherol
were photooxidized, >90% of the a-tocopherol was depleted by 75 min. The slopes of
the curves in Figure 4.5 indicate that the consumption rate of a-tocopherol was slower in
liposomes containing the higher concentration of a-tocopherol. It is important to note
that between 180 and 240 min, the level of a-tocopherol in liposomes loaded with the

higher concentration approaches that of the initial level in liposomes loaded with the
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lower concentration of a-tocopherol. This is approximately the time when levels of
photooxidation products start to increase rapidly.

cffect of Exogenous Cumene Hydroperoxide on Type | vs. Type Il
Photooxidation in DLPC Liposomes

The presence of exogenous hydroperoxides may contribute to radical-mediated
lipid peroxidation by chain-branching mechanisms® or stimulation of Type I
photooxidation mechanisms (Figure 3.8). To test the hypothesis that exogenous
hydroperoxides enhance radical-mediated photooxidation processes, cumene
hydroperoxide (0.45 mol%, Figure 4.6) was added to DLPC liposomes prior to methylene
blue-sensitized photooxidation. The effect on radical-mediated and singlet oxygen-
mediated lipid peroxidation was measured by GC-MS (Table 4.1, Figure 4.7). Cumene
hydroperoxide stimulated production of 9’-OOH linoleate during the first 2 h of the
experiment as compared to control liposomes, indicating that exogenous hydroperoxides
present at the start of the reaction stimulate radical-mediated lipid peroxidation under

photooxidizing conditions.
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Figure 4.2. Photooxidation of DLPC liposomes in the presence (filled symbols) and absence (open

symbols) of 0.45 mol% c«-tocopherol (TH). Photooxidation products were measured as
described in Experimental Procedures and are expressed as mean £ SD (n = 3).
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Figure 4.3. Photooxidation of DLPC liposomes in the presence (filled symbols) and absence (open

symbols) of 4.5 mol% a-tocopherol. Photooxidation products were measured as described
in Experimental Procedures and are expressed as mean + SD (n=3).
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Figure 4.4. Depletion of B-carotene from photooxidized liposomes. DLPC liposomes containing 0.45
mol% B-carotene were photooxidized with methylene blue. p-carotene was extracted and
analyzed with reverse-phase HPLC as described in Experimental Procedures. Results are
expressed as percent of B-carotene present in liposomes at Time 0 (mean + SD, n = 3)
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Figure 4.5. Depletion of a-tocopherol from photooxidized liposomes. DLPC liposomes containing 0.45
mol% (V) and 4.5 mol% (V) a-tocopherol were photooxidized with methylene blue.
a-Tocopherol was extracted and analyzed with GC-MS as described in Experimental
Procedures. Results are expressed as mean + SD, (n = 3).
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OOH

Figure 4.6. Structure of cumene hydroperoxide

Production of the Marker Product B-Carotene-5,8-Endoperoxide in Photooxidized
DLPC Liposomes Containing B-Carotene

B-Carotene-5,8-endoperoxide was found to be specifically formed by singlet
oxygen oxidation of B-carotene in homogeneous solution.’”® Formation of this product
during liposome photooxidation could be used as a chemical marker for singlet oxygen
quenching by B-carotene in membranes. LC-MS can provide rapid identification and
quantification of B-carotene oxidation products.” To detect this product, photooxidized
liposomes containing 0.45 mol% p-carotene were analyzed by LC-MS as described
above. Liposomes were analyzed for 3-carotene-5,8-endoperoxide at 0, 5, 10, 15, 45, 60,
and 120 min of oxidation, by monitoring at m/z 569 ([M+H]") following calibration with
standards of B-carotene and (3-carotene-5.8-endoperoxide. However, no evidence of this

product was observed even at sensitivity levels in the range of 1-20 fmol/uL.
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Figure 4.7. Photooxidation of DLPC liposomes in the presence (filled symbols) and absence (open
symbols) of 0.45 mol% cumene hydroperoxide (CH). Photooxidation products were
measured as described in Experimental Procedures, and expressed as mean + SD (n = 3).
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The absence of P-carotene-5,8-endoperoxide may be due to rapid breakdown
under the conditions of photosensitized oxidation. To test the stability of this product,
DLPC liposomes were loaded with 0.45 mol% B-carotene-5.8-endoperoxide and
photooxidized with methylene blue. Depletion of B-carotene-5,8-endoperoxide was
analyzed by HPLC and compared to that of B-carotene (Figure 4.8). This graph indicates
that B-carotene-5.8-endoperoxide is rapidly depleted under these conditions, which may

explain why it was not seen in the above experiments.
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Depletion of B-carotene-5,8-endoperoxide (M) from photooxidized liposomes. DLPC
liposomes containing 0.45 mol% p-carotene-5.8-endoperoxide were photooxidized with
methylene blue. B-carotene-5,8-endoperoxide was extracted and analyzed with reverse-
phase HPLC as described in Experimental Procedures. Results are compared to similar
analysis of B-carotene ([J) (Figure 4.4) and are expressed as percent of carotenoid present
in liposomes at Time 0.



Discussion

This work is a study of the effect of B-carotene on photosensitized oxidation of
liposomes. DLPC liposomes were loaded with B-carotene and photooxidized with
methylene blue. Lipid peroxidation was analyzed by a new GC-MS method that
quantitatively distinguishes between radical-mediated and singlet oxygen-mediated
oxidation products. As shown by the data in Table 4.1 and Figure 4.1, B-carotene
inhibited photooxidation in this system. -Carotene caused a lag in the formation of both
radical-mediated and singlet oxygen-mediated photooxidation products, as compared to
control. However, the B-carotene-induced lag in product formation was followed by a
divergence in the product curve slopes even greater than that seen in the absence of
B-carotene. Since both photooxidation products are produced by singlet oxygen, a
divergence in the slopes of the photooxidation product curves indicates an increase in
Type I (radical-mediated) photooxidation.

It is possible that while B-carotene is suppressing Type II photooxidation by
quenching singlet oxygen, it may also be acting as a prooxidant following autoxidation
by Type I photooxidation (Figure 4.9). As B-carotene levels decrease, levels of
autoxidized B-carotene increase, stimulating radical-mediated lipid peroxidation. This is
an interesting paradox. as the level of protection provided by B-carotene would depend on
the ratio of Type [:Type II mechanisms in the photooxidation system. The higher the
contribution of Type I mechanisms, the less effective B-carotene would be in suppression

of photooxidation. Since B-carotene effectively suppresses all photooxidation for the first



75 min of the experiment, methylene blue photooxidation in this system appears to work
mainly via a Type II mechanism. This is consistent with previous studies indicating Type
II mechanisms in methylene blue-sensitized photooxidations.*®-°*!

To test the importance of Type I mechanisms in this system, DLPC liposomes
containing a-tocopherol were photooxidized. a-Tocopherol is an effective radical chain-
breaking antioxidant but is ~100x less effective than B-carotene as a singlet oxygen
quencher.” Photooxidation was not suppressed by 0.45 mol% a-tocopherol (Table 4.1).
The divergence between curves of non-specific and singlet oxygen-specific lipid
peroxidation indicates that a-tocopherol was not effective in suppressing radical-
mediated lipid peroxidation after 75 min (Figure 4.2). A 10-fold increase in a-tocopherol
concentration (4.5 mol%) suppressed all photooxidation from 0 to 75 min.
Photooxidation increased gradually from 75 to 240 min with only a minimal difference

between the amounts of 9’- and 10’-OOH linoleate produced, indicating that Type I

photooxidation was almost completely suppressed.



S
Early Stage lh"
) S*
Type ulo2 Type l )
. BC 1 .
Quenching «ff———— 'Oy Oxyradicals
lLH lLH
9-, 10-, 12-, and 13-O0OH 8- and 13-O0OH
S
Late Stage
hv 02
B8C.
l B
] S*
Type llloz Type | 1 7}
. BC 1 .
Quenchinge———— 'O Oxyradicals
LOs
lLH or lLH
LOO.
9-, 10-, 12-, and 13-O0OH L—» ——» 9-and13-O0H

LH 0Oz

Figure 4.9. Mechanisms of photosensitizer-induced lipid peroxidation at early and late stages. Excited-
state sensitizer (S*) catalyzes Type I and Type II photooxidation. At early stages, -carotene
(BC) quenches singlet oxygen (‘0.), inhibiting formation of linoleate hydroperoxides via
Type Il mechanisms. At later stages, high pO, and interactions of B-carotene with excited-
state sensitizer (S*) may induce a prooxidant effect of B-carotene by further stimulation of
Type I photooxidation mechanisms.



These results indicate that lipid peroxidation effects are dependent on the
concentration of a-tocopherol in the system. To verify a-tocopherol levels during
photooxidation, depletion of a-tocopherol was measured with GC-MS (Figure 4.5).
When liposomes were loaded with 0.45 mol% a-tocopherol, >90% was depleted by 75
min. When liposomes were loaded with 4.5 mol% a-tocopherol, the rate of consumption
was decreased slightly. a-Tocopherol levels remained high enough to almost completely
suppress singlet oxygen-mediated lipid peroxidation for the first 2 h and suppress radical-
mediated lipid peroxidation throughout the experiment.

The results show that a-tocopherol is consumed much faster that $-carotene in
this system. This is consistent with the results of Oshima er al.** HPLC analysis of
B-carotene consumption indicates that only 35% of the B-carotene was depleted by 75
min. [t is possible that the B-carotene present in the reaction system is not completely
incorporated in the liposome membrane. Due to the hydrophobic nature of B-carotene.
microcrystalline aggregates may be formed in suspension during liposome preparation.
Aggregates in suspension. which may be essentially inert towards reactions with lipid
molecules, would still appear in carotenoid extracts from liposomes and may be
responsible for the apparent stability of B-carotene indicated by the data in Figure 4.4.

DLPC liposomes were loaded with 0.45 mol% cumene hydroperoxide.
photooxidized. and analyzed by GC-MS to test the effect of an exogenous hydroperoxide
on photooxidation. Exogenous hydroperoxides may contribute to radical-mediated lipid

peroxidation by enhancing Type [ photooxidation mechanisms (Figure 3.8) or by chain



branching mechanisms in the presence of transition metals (Figure 1.12). Thus,
hydroperoxides produced by Type II photooxidation may also contribute to radical-
mediated lipid peroxidation whenever chain branching occurs, even in the absence of
Type I photooxidation. Since Type II contributes to radical-mediated lipid peroxidation
by this mechanism, levels of non-specific products (e.g., 9°-OOH linoleate) will always
be higher than Type II-mediated products. GC-MS analysis of the products of lipid
peroxidation confirms that cumene hydroperoxide stimulated radical-mediated lipid
peroxidation (Table 4.1, Figure 4.7).

Singlet oxygen oxidation of B-carotene forms B-carotene-5,8-endoperoxide as an
oxidation product. This product is specific for singlet oxygen oxidation, and may serve
as a marker for this action. Quantification of this marker product in complex systems
would provide an index of singlet oxygen quenching by p-carotene. Due to
chromatographic and spectrophotometric similarities with other oxidation products, LC-
MS is the method of choice for analysis of this compound, as it provides positive
identification and quantification simultaneously. However, LC-MS analysis failed to
detect this product in the reaction mixture. To test the stability of this product, DLPC
liposomes were loaded with 0.45 mol% B-carotene-5,8-endoperoxide and photooxidized
with methylene blue. Figure 4.8 indicates that this product is much less stable than
B-carotene under these conditions. The yield of this product may be very low in the

liposome environment, or it is possible that it is formed and depleted before analysis can



occur. This is puzzling since this product is formed in moderate yield and is quite stable
during photooxidation in solution.*'®

The effect of B-carotene in a model of DLPC liposome photooxidation was
studied by quantitative analysis of radical-mediated and singlet oxygen-mediated lipid
peroxidation and compared to an inhibitor (a-tocopherol) and inducer (cumene
hydroperoxide) of radical-mediated lipid peroxidation. B-Carotene effectively suppressed
Type II photooxidation, but was ineffective in suppressing late-stage Type I
photooxidation. B-Carotene-5,8-endoperoxide, a specific marker for singlet oxygen
quenching, was not detected in this study but may still be useful as a marker for
B-carotene/singlet oxygen interactions in other models of oxidative damage. Further
studies on antioxidant mechanisms of B-carotene will be important in determining

chemopreventive mechanisms of this compound.



156

CHAPTER 5

SUMMARY

Clinical observational studies and basic research on potential chemopreventive
mechanisms have generated considerable interest in fB-carotene. Many hoped that
chemopreventive properties of B-carotene would manifest themselves in the clinical
intervention trials, and provide mankind with a cheap, convenient, innocuous
chemopreventive compound. So far, that is not the case. However, much work is yet to
be done. The results of the work reported here underscore the complex nature of
B-carotene oxidant/antioxidant effects and provide new insights into antioxidant
mechanisms of B-carotene. An understanding of these mechanisms may help maximize
the chemopreventive potential of B-carotene .

These studies focus on interactions of (-carotene with singlet oxygen, a reactive
oxygen species important in phototoxicity reactions, and possibly important in
carcinogenesis due to its ability to damage lipid, proteins, and DNA.*’**® The objective
was to study photosensitized oxidation of B-carotene in model systems, identify specific
chemical markers of singlet oxygen oxidation, and quantitatively assess the
photoprotective effect of B-carotene on singlet oxygen-specific damage. Solution and
artificial membrane systems were the models chosen for study. These simple model
systems were chosen in order to isolate and identify marker products without the

interference of biomolecules present in more complex systems. Once characterized using



the simple models, these marker products and their assays can be utilized in future studies
with more complex systems.

B-Carotene-5.8-endoperoxide was isolated and identified as a specific marker for
oxidation of f-carotene by singlet oxygen in the solution model. This novel product is
formed from B-carotene by 4+2 cyclo-addition of singlet oxygen between carbons of the
B-ionone ring and carbons of the polyene chain. The presence of this marker in a
biological system would indicate singlet oxygen involvement in oxidative damage to
tissue and the amount would be proportional to the level of singlet oxygen-induced
damage.

The artificial phospholipid membrane model was used to assess quantitatively the
protective effect of B-carotene towards singlet oxygen, since production of singlet oxygen
via photochemistry or chemiexcitation (“dark” reactions)®® is important in lipid
peroxidation. Liposome membranes provide a good substrate for singlet oxygen
oxidation while mimicking a cellular membrane environment. = Homogeneous
dilinoleoylphosphatidylcholine liposomes were used since they contain diene fatty acyl
moieties whose singlet oxygen oxidation products are well characterized.*®

Production of singlet oxygen by photooxidation occurs via a Type II mechanism,
which may be accompanied by Type I mechanisms that produce free radicals. Since
photooxidation produces both free radicals and singlet oxygen, an assay was developed
that quantitatively measures a lipid peroxidation product specific for singlet oxygen

oxidation. [t also measures a product that can be formed by either radicals or singlet
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oxygen. Thus radical-specific oxidation can be measured by difference. This assay
utilizes isotope dilution GC-MS using quantitative standards of the non-specific product,
the singlet oxygen-specific product, and deuterium-labeled congeners. No quantitative
assays of these products have been reported prior to this.

The photoprotective effect of B-carotene in the liposome model was quantitatively
analyzed in terms of effects on Type [ and Type II photooxidation over time. B-Carotene
was shown to be more effective in protection against Type II photooxidation. This result
was expected as it agrees with previous studies.” These results were to be correlated
with levels of the marker product B-carotene-5.8-endoperoxide. However, this product
did not appear in the photooxidized liposomes containing f-carotene and was not
detected by LC-MS analysis.

The utility of the liposome model system and assay was demonstrated by
generation of “photooxidation profiles™ for different photooxidative and photoprotective
agents. The photosensitizer methylene blue was shown to induce higher levels of Type
II-mediated photooxidation products than the photosensitizer tetraphenylporphine.
B-Carotene was shown to suppress only early-stage lipid peroxidation, and was less
effective at later stages even though 40% of it still remained in the liposomes.
a-Tocopherol was able to suppress both early and late-stage photooxidation, especially
radical-mediated photooxidation. However, much higher concentrations of a-tocopherol
than B-carotene are required to achieve this effect. With this model, it is possible to

determine the effect of agents on Type I vs. Type II mechanisms of photooxidation. This



type of analysis will be valuable in studies of new agents important in phototoxicity and
photodynamic therapy of disease.

The absence of the marker product pB-carotene-5,8-endoperoxide in the liposome
system was unexpected. The lack of detection appears to be due to rapid decomposition
of this product as it is produced, possibly due to lipid radical intermediates formed during
lipid peroxidation. However, this does not mean that this product should be dismissed as
a biomarker for singlet oxygen activity in biological systems. Stability of this compound
appears to be environment-dependent. In contrast to the liposome system, B-carotene-
5.8-endoperoxide was easily isolated from the solution model where harsh
photooxidation conditions existed. In living systems the stability of this compound may
be enhanced by membrane transport processes, positioning, or the presence of other
biomolecules in the membrane. The utility of PB-carotene-5,8-endoperoxide as a
biomarker is still unknown. Determination of this product in biological systems will be

important in future studies on singlet oxygen oxidation of B-carotene.
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