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ABSTRACT 

Recent intervention trials reported that smokers given dietary P-carotene 

supplementation were at increased risk of lung cancer and overall mortality. These 

results were unexpected based on previous observational epidemiology, which suggested 

p-carotene would decrease the onset of lung cancer in these individuals. The mechanism 

by which P-carotene supplementation results in increased lung cancer among smokers has 

yet to be defined. However, one proposed explanation is that P-carotene acts as a 

prooxidant in lungs exposed to cigarette smoke and exacerbates oxidative damage. 

This project has examined the consequences resulting from interactions of 

cigarette smoke with P-carotene in model systems. A novel P-carotene oxidation 

product. 4-nitro-P-carotene has been identified from smoke oxidation of P-carotene in 

solution. This product has been isolated by both reverse-phase and cyano-column HPLC. 

and characterized by UV-vis spectroscopy. APCI-LC-MS. and NMR spectrometr\'. This 

class of products includes cis and all-trans isomers of 4-nitro-P-carotene. 

A new method for measuring primary products of lipid peroxidation has been 

developed. This method is specific and sensitive for the determination of 9- and 13-

hydroxy fatty acid methyl esters of octadecadienoic acid as pentafluorobenzoyl esters by 

GC-ECD. These compounds are derived from the tlrst stable products of linoleic acid 

oxidation. 

Using the method discussed above, the interactions between P-carotene and 

cigarette smoke were examined in a liposomal model system. DLPC liposomes showed 



little differences in oxidative damage with or without P-carotene incorporation. This 

result was consistent with gas-phase or whole smoke exposures. The effect of p-carotene 

on the oxidation of other antioxidants was also examined. Both the lipid soluble 

antioxidant a-tocopherol and the water soluble antioxidant ascorbate showed lower 

oxidation rates due to smoke exposure in the presence of p-carotene than without. These 

data indicate that P-carotene does not have prooxidant effects in this system. 

P-carotene is oxidized by cigarette smoke in model systems. 4-Nitro-P-carotene 

is one of several classes of products resulting from cigarette smoke oxidation of P-

carotene. P-Carotene incorporation did not increase oxidation of lipid or other 

antioxidants upon smoke exposure. It is unlikely a prooxidant effect of P-carotene is 

responsible for increased lung cancer observed in recent intervention trials. 



CHAPTER 1 

INTRODUCTION 

Since the turn of the century, the use of tobacco products has increased 

substantially in the United States (1). Tobacco is now consumed in the form of mass-

produced cigarettes in amounts greater than all other forms of tobacco combined (1.2). 

This is in stark contrast to 1900. when roughly 98% of tobacco was consumed in forms 

other than mass-produced cigarettes (1). This change in the route of exposure to tobacco, 

although seemingly innocuous, was the beginning of an epidemic which is now quite 

evident. While inhaling smoke from burning cigarettes in an effort to absorb nicotine, 

smokers expose themselves to a myriad of dangerous compounds (3). It is generally 

accepted that inhaling cigarette smoke is the single greatest risk factor for developing 

lung cancer (2). This is borne out by the increase in lung cancer death which, following a 

latency period, parallels the increase in cigarette consumption (1.2). 

•Although smoking rates are declining in most industrialized countries, these rates 

continue to increase in developing countries (4). Even if all cigarette smoking ceased 

today, millions of individuals would be at risk for developing lung cancer in the fiiture. 

Thus, alternatives have been sought which may help reduce the incidence of lung cancer 

among this at risk population. Chemoprevention is the utilization of natural or synthetic 

compounds in an effort to attenuate or prevent disease. The idea is simple: provide at 

risk individuals (smokers) with a compound(s) that will help prevent disease (lung 

cancer). P-Carotene was suggested to be such a compound. Observational epidemiology 



associated diets high in P-carotene and increased blood levels of P-carotene with lower 

risks for cancer of various sites, particularly lung (5-8). 

These studies led to a tremendous interest in the mechanisms by which P-carotene 

may prevent disease, including cancer. The hypothesis that p-carotene could prevent or 

reduce lung cancer incidence in heavy smokers was examined in two large intervention 

trials (9.10). Surprisingly, patients given supplemental P-carotene showed increases in 

death by lung cancer and all causes in both studies (9.10). These results were 

unexpected, given the previous body of observational epidemiology (5-8). Researchers 

were left to ponder the mechanisms by which P-carotene could increase risk of lung 

cancer. Among tlie hypotheses advanced to explain these results was that a deleterious 

interaction between p-carotene and cigarette smoke enhanced lung carcinogenesis 

(11,12). This dissertation characterizes the chemistr>' governing interactions between P-

carotene and cigarette smoke in chemical model systems. Background information is 

provided on lung cancer and cigarette smoke, free radicals and their interactions with P-

carotene. as well as the epidemiology associated with P-carotene and lung cancer 

prevention. 



Lung Cancer 

Cigarette smoking is the single greatest risk factor for the development of lung 

cancer (1,2). One-third of all cancer deaths and up to 90% of all lung cancer deaths in the 

US (170.000) can be attributed to cigarette smoking (1). It has been estimated that 

cigarette smoking is linked to as many as 3 million deaths per year world wide (4) and 

reduces life expectancy by 8 years (13). Lung cancer is the leading cause of cancer death 

among both men and women in the US (1). Overall, male smokers are 22 times more 

likely to die from lung cancer than are nonsmokers and this likelihood increases with 

increased cigarette consumption (1). Female smokers have a 12 fold greater chance of 

dying from lung cancer than do nonsmoking women (1). Sadly, these statistics are the 

result of e.xposures that are completely avoidable. 

Cigarette smoke is a complex mixture of over 4000 compounds, some 50 of 

which are known or suspected human carcinogens (3). At least two classes of 

compounds present in smoke have been associated with specific forms of lung cancer 

(2.3). Polycyclic aromatic hydrocarbons, such as benzo[a]pyrene are believed to be 

associated with the development of squamous cell carcinoma, whereas nitrosamines, such 

as 4-(methylnitrosoamino)-l-(3-pyridyl)-l-butanone (NNK) are linked predominantly to 

development of adenocarinomas. It is interesting to note that the ratio of squamous cell 

carcinoma to adenocarcinoma has decreased from 17:1 in 1950 to 1.3:1 in 1997 (2.3). 

This change has been attributed to changes in both composition of cigarettes and smoking 

behavior among consumers (3). These changes have resulted in a decrease in 
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benzo[a]pyrene and an increase in NNK levels in inspired smoke from cigarettes over the 

last 20 years (3). The composition of cigarette smoke and the consequences of such will 

be discussed further when considering the free radicals nature of cigarette smoke below. 

Cigarette Smoke 

Cigarette smoke by convention is subdivided into two fractions, the gas phase and 

tar (14). Tar is defined as the material trapped when smoke is passed through a 

Cambridge glass fiber tllter. This filter retains 99.9% of all particles greater than 0.1 

micron in size. Gas phase smoke is that portion not retained by the filter. Work by Pr\or 

and colleagues has characterized the radicals associated with cigarette smoke fractions 

(14-18). Using electron spin resonance spectroscopy, they have shown that tar radicals 

are a complex polymer of quinone/semiquinone/hydroquinone redo.x couples that arise 

through polymerization in the smoke stream (14-16). Tar radicals are long lived radicals 

that can be directly observed by ESR (14-16). These radicals are able to reduce 

molecular oxygen to superoxide anion and then be regenerated by biological reducing 

equivalents, such as NADPH (19). Thus, tar radicals serve as catalysts for oxidant 

production. 

Pr\or and colleagues have also examined the radicals present in the gas phase 

portion of cigarette smoke (15.17). These radicals, unlike tar radicals, are short lived and 

occur in much lower concentrations (15.17). Gas phase smoke radicals are remarkably 

long lived in the smoke stream yet short lived upon analysis by ESR (15.17). This work 



showed that maximum levels of spin trapped adducts were not seen until the smoke had 

aged for a minute, far beyond the lifetime of radicals resulting from combustion (15). 

Cigarette smoke contains 300-500 ppm nitric oxide (NO). Upon exposure to oxygen, 

nitric oxide is oxidized to the much more reactive nitrogen dioxide (NO.) (15.17). It was 

shown that the concentration of NO^ in gas phase smoke reached a maximum when spin 

trapped adducts were maximized as well (15). This discovery lead to work that modeled 

one pathway whereby nitric oxide can produce steady state levels of peroxyl and alkoxyl 

radicals (15.17). Nitric oxide is o.xidized to nitrogen dioxide (eq 1.1). 

2N0 + O: -> 2NO. (1.1) 

Nitrogen dioxide can react with low molecular weight hydrocarbons, such as isoprene. 

which are abundant in smoke to produce nitroalkyl radicals (eq 1.2). 

NO, + Isoprene —>• •Isoprene-N02 (1.2) 

These alkyl radicals reversibly add oxygen to form peroxyl radicals, (eq 1.3) which can 

react with nitric oxide to form deo.xygenated alko.xyl radicals or biomolecules to generate 

o.xidized lipid, protein or DNA. 

•Isoprene-NO;; + O, —> •00-Isoprene-N02(1.3) 



Cigarette smoke has been shown to oxidatively modify protein, lipid and DNA (20-23). 

Smokers have also been shown to have increased levels of markers of oxidative damage 

over nonsmoking controls (24-26). 

Free Radical Biochemistry 

Reactive Oxygen Species 

Free radicals are defined as compounds having unpaired electrons (27). In 

general, this characteristic is responsible for increased reactivity. Molecular oxygen itself 

is a diradical species, since it contains two unpaired electrons in its 7t-antibonding 

molecular orbital (Figure I) (27). This would seem to be problematic since o.xygen 

comprises nearly 20% of the air we breathe. However, most organic molecules do not 

react significantly with ground state (triplet) oxygen, otherwise life as we know it could 

not exist. The reaction between triplet oxygen and most biomolecules is "spin restricted" 

(27). That is. the outermost electrons in triplet oxygen are unpaired and have parallel 

spins. Most biomolecules contain outer electron pairs that possess opposite spins. This 

subtle difference in electronic structure prevents biological material from spontaneously 

combusting. Biological systems are exposed to free radicals from both exogenous and 

endogenous sources. These radicals can be both beneficial and deleterious, depending on 

how and where they are generated within a given system. 



Singlet Oxygen 

The reactivity of molecular oxygen can be increased by removing the spin 

restriction that prevents reaction with biomolecules. This can be accomplished with an 

input of energy and a resulting change in the spin state (from parallel to opposite) of the 

outer electron pair (27). The resulting exited state form of oxygen is referred to as singlet 

oxygen (Figure 1.1). Unlike ground state triplet oxygen, singlet oxygen can react directly 

with biomolecules and cause oxidative damage. Singlet oxygen is generated from 

photosensitized reactions (27). Light is absorbed by pigments, which promotes them to 

higher energy e.xcited states . The energy from the e.xcited state pigment is transferred to 

triplet oxygen to produce singlet oxygen (eq 1.4. 1.5). 

P + light —> P* (1-4) 

P* + 'O. ^ P + 'O, (1.5) 
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Figure l.l Molecular orbit diagram for ground state (triplet) and excited state 
(singlet) oxygen. 



Singlet oxygen can be generated from light exposure to a number of compounds referred 

to as photosensitizers. These include drugs (tetracyclines), dyes (rose bengal, methylene 

blue), or endogenous porphyrins. 

Superoxide Anion and Hydrogen Peroxide 

Most oxygen in living systems is metabolized by a four electron oxidation to 

water. Adding one electron to oxygen produces superoxide anion (O/). Normal cellular 

metabolism is a significant source of O," in vivo (28). Superoxide is also generated as a 

part of the oxidative burst in phagocytes through the actions of NADPH oxidase (27.28). 

Superoxide anion is detoxified by a dismutation reaction (eq 1.6) that produces hydrogen 

peroxide and oxygen (27.28). This reaction does proceed uncatalyzed with a rate of 5 x 

10' M 'sec"'. but the rate is increased four fold by superoxide dismutase (27). Virtually all 

superoxide dismutation in living systems is probably catalyzed by these enzymes. 

20/ + 2H' HA + O, (1.6) 

Hydrogen peroxide is not a radical, since it has no unpaired electrons. Unlike O,". H^O, 

can cross membranes and is relatively long lived (27). H^O^ is also metabolized 

enzymatically by either catalase or by glutathione peroxidase (eq 1.7. 1.8) (28). 

(1.7) 
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2H,0. + 2GSH + GSH Peroxidase -> 2H,0 +0,+ 2GSSG (1.8) 

itself is relatively unreactive. however it can react with reduced transition metals, 

particularly iron to generate the much more reactive hydroxyl radical. This process is 

known as the Fenton reaction (eq 1.9) (27). 

Fe-- + H,0; ^ Fe'- + HO* + OH" (1.9) 

The hydroxyl radical is tremendously reactive. It reacts with whatever is present at the 

site in which it is generated. This is evident by its very short half life (10"'' sec) and near 

diffusion limited reactivity (27.28). 

Peroxyl Radical 

Peroxyl radicals are generated by adding oxygen to carbon centered (alkyl) 

radicals (eq 1.10). This is a fast reversible process, but in practice the equilibrium lies 

strongly to the right in all but anaerobic systems. 

R* + Oi —> ROO* (l.IO) 

A significant source of peroxyl radicals in biological systems is the peroxidation 

of membrane lipids (29). Peroxyl radicals are more reactive than superoxide anion yet 



longer lived than hydroxyl radical (28). As such they are able to spread oxidative damage 

from the initial site of initiation (28). Peroxyl radicals are the chain carrying radical in 

the peroxidation of lipid membranes (29). Unsatiu-ated fatt>' acids contained within lipids 

are susceptible to attack by radicals. This usually results in abstraction of an allyic 

hydrogen atom from the lipid and generation of an alkyl radical. This is termed initiation 

(Figure 1.2). Oxygen adds reversibly to form a peroxyl radical which can then react with 

another unsaturated lipid to form a lipid hydroperoxide and another alkyl radical. This is 

refered to as propagation. The chain reaction continues until peroxyl radicals react with 

another radical to generate nonradical products or react with chain breaking antioxidants. 

These reactions are termed termination reactions. As with H,0,. transition metals can 

lead to decomposition of lipid hydroperoxides to form lipid alkoxyl radicals and 

hydroxide anion. This amplifies lipid peroxidation and is termed chain branching. 
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Figure 1.2 General scheme for the peroxidation of lipid (LH) by a radical R*. The 
chain reaction is initiated by radical abstraction of an allylic proton from 
LH to generate L«. Oxygen adds to form LOO* which is able to abstract 
an allyic proton from anodier LH. thus propagating the chain. Chain 
branching results from metal catalyzed decomposition of LOOH to LO*. 
Reaction between two of the radicals leads to nonradical products and 
termination of the chain reaction. 



Nitrogen Oxides 

Nitric oxide (NO) is produced by a number of ceil types and functions as a 

vasodilator. Alone it is a weak oxidant at best. However, phagoctyic cells producing 

nitric oxide and superoxide anion simultaneously can generate the stronger oxidant 

peroxynitrite ('GONO) (eq l.l 1) (30). 

NO* + O.- OONO (I.II) 

At physiologic pH. peroxynitrite is protonated to its conjugate acid peroxynitrous acid 

(1.12) (30-32). which is unstable and decomposes to generate an oxidant with reactivity 

similar to the hydro.xyl radical (1.13) (30-32). 

-OONO + H+ ^ HOONO (1.12) 

HOONO ^ [HOONO]* (1.13) 

The exact species formed and the mechanism is still not clear. However, peroxynitrite is 

able to oxidize protein. DNA and lipid (30-32). Nitric oxide is also present in high 

concentrations in smog and cigarette smoke (15). In this environment NO is oxidized to 

NO., which is a much stronger oxidant than nitric oxide (30). 



P-Carotene 

Physical Properties 

P-Carotene is one member of the class of natural pigments termed carotenoids. of 

which there are now over 600 examples. P-Carotene and its numbering scheme are 

showTi in Figure 1.3. Carotenoids are synthesized fi-om isoprenoid subunits to form a 

basic acyclic structure from which other structures are derived (33). Carotenoid refers to 

hydrocarbon members of this class, whereas xanthophylls are oxygen-containing 

derivatives. Ex£imples of natural carotenoids and xanthophylls are shown in Figure 1 4. 

.A.lthough carotenoids and xanthophylls are synthesized by both plants and 

microorganisms, humans and higher animals are unable to produce these compounds and 

must derive them from their diets. Carotenoids are associated with the photosynthetic 

machinery" in plants where they function as accessory pigments and antioxidants to 

prevent oxidative damage resulting from light absorption. 

p-Carotene is polyene containing 11 double bonds. This polyene structure is responsible 

for the light absorbing properties of the compound, which provides its bright orange color 

(34). The UV-visible absorbance spectrum of P-carotene is shown in Figure 1.5. It is 

worth pointing out that p-carotene and lycopene have the same chromophore yet differing 

UV-vis absorbance spectra (34). Lycopene has 11 conjugated double bonds and has an 

absorbance maximum at 470 nm (hexane) which produces a red color. P-Carotene also 

has 11 conjugated double bonds, however, the two terminal double bonds contained 

within the cyclohexene rings are slightly out of plane with the remainder of the polyene. 



These two bonds are not in complete conjugation with the central 9 double bonds. 

Therefore. P-carotene has an absorbance maximum at 450 nm (hexane) and an orange 

color. This distortion in the structure of P-carotene is due to steric hindrance between the 

methyl group at the 5 position and the proton at the 8 position (34). This repulsion forces 

the rings to twist around the 6-7 bond out of plane with the remaining polyene. This 

effect has been noted in both x-ray crystallographic and computational examinations of P-

carotene. This effect isolates the 5.6-bond somewhat from the remainder of the polyene 

and imparts unique reactivity. 

When exposed to light. P-carotene readily isomerizes from the low-energy all-

trans form to cis isomers. Common mono cis isomers of P-carotene are shown in Figure 

1.6. Although P-carotene has 11 double bonds, only three mono cis isomers of P-

carotene are commonly formed. 9-. 13-. and I5-c7\s:. The remaining cis isomers are less 

favored due to steric interactions between the chain methyls and neighboring protons. 

UV-visible absorbance spectra for cis p-carotenes display absorbance ma.xima that are 

lower in wavelength and molar absorptivity than the all-trans form (34). The cis 

compounds also 



Figure 1.3 Structure and numbering scheme for sW-trans p-carotene. 
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Figure L4 Structures of representative carotenoids. P-carotene and lycopene. and 
xanthophylls. canthxanthin. zeaxanthin. and astaxanthin. 
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Figure 1.5 UV-vis absorbance spectrum for all-irans P-carotene in he.xane. 
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Figure 1.6 A.\\-tnms and mono cis isomers of p-carotene. 



show an absorbance peak approximately 142 nm lower than the commonly termed 

the cis peak (34). 

Absorption and Distribution 

Once P-carotene is released from food particles by physical and enzymatic 

actions, it is taken up into lipid droplets in the gut. Bile salts help to form mi.xed lipid 

multilamellar vesicles which are absorbed into the duodenal mucosa by passive diffusion 

(35). The mechanism by which p-carotene is transported within the intestinal epithelium 

is not known. However, a recent report has claimed partial purification of a P-carotene 

binding protein (36). Such transport proteins are known for other lipid soluble factors, 

including retinoids (37). Chylomicrons containing P-carotene are secreted into the 

intracellular space, where they are transported by the lymphatic system to the circulation 

(35.38). P-Carotene is transported in plasma by lipoproteins with the majority found in 

LDL and minor amounts in HDL and VLDL (35.38). The distribution pattern was 

similar to that seen for cholesterol (35). It is hypothesized that P-carotene is distributed 

to extrahepatic tissues in LDL via the LDL receptor. 

It is obvious from this discussion that the absorption of P-carotene from dietary 

sources and its distribution to various tissues is a complex process. Several factors can 

influence the extent to which an ingested dose of P-carotene is absorbed and distributed. 

The physical matrix in which P-carotene is contained can effect its release from food 

particles. Heating of many food stuffs prior to ingestion improves bioavailability of P-



carotene. It is suspected this is due to disruption of P-carotene protein complexes and or 

crystalline p-carotene aggregates (35). Presence of nonabsorbed lipid in the gut can also 

reduce the absorption of p-carotene by decreasing the amount that partitions into micelles 

(35.38). The capacity of these mixed lipid micelles is also finite and may be a factor in 

limiting the absorption of p-carotene at high doses. The exact orientation of p-carotene 

in chylomicrons or other lipoproteins is not known. It is presumed that P-carotene resides 

within the hydrophobic core of these particles, whereas the more polar a-tocopherol and 

xanthophylls are maintained near the surface (35). Such compartmentalization could 

affect transfer of P-carotene between lipoprotein particles in the circulation and uptake by 

extrahepatic tissues. The molecular orientation of P-carotene within biological lipid 

structures with respect to antioxidant fiinctions will be discussed below. 

Metabolism 

It has long been known that P-carotene can be metabolized to vitamin A (Figure 

1.7). The exact mechanism(s) underlying this conversion remain controversial. By 

simple inspection of the structure of P-carotene. it is apparent that oxidative cleavage of 

the 15-15" bond can result in two molecules of retinal (vitamin A aldehyde). Several 

groups have shown that retinal is the major or only product from the incubation of P-

carotene with 
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whereas excentrict cleavage generates one mole of retinal for ever\- mole 
of P-carotene. 



liver or intestinal mucosal homogenates (39-42). These activities where associated with 

105.000 X g fractions isolated by ultracentrifugation and were enhanced by sulfhydryl 

protecting agents (35). Recent stochiometry experiments have shown conversion ratios 

of 1.72 and 2.07 (mol retinal/ mol P-carotene) for guinea pig (39) and pig intestinal (40) 

mucosal fractions, respectively. Compared to a theoretical value of 2.0. these data argue 

the presence of a cytosolic enzyme activity that oxidizes one mole of P-carotene to two 

moles of retinal. This mechanism is referred to as central cleavage. The enz\"me 

responsible for this activity has been named (P-carotene-15.15"-dioxygenase) and 

provided a classification (EC 1.13.11.21) (43). but it has never been purified or cloned. 

Oxidative cleavage of P-carotene to form products other than retinal has also been 

shown to occur under certain circumstances (44-46). P-Apo-13"-carotenone has been 

identified in ferret and human intestinal homogenates incubated with P-carotene in vitro 

(44). This product results from cleavage of the 13 "-14" double bond in P-carotene. .A.po-

carotenals can be chain shortened to retinal by a poorly understood mechanism likened to 

P-oxidation (35). Carotenoids can also be oxidized to apo-carotenoic acids, which can be 

chain shortened to retinoic acid (35). This mechanism of converting P-carotene to 

retinoids is referred to as excentric cleavage and is associated with membrane fractions. 

This mechanism produces a theoretical yield of 1.0 mol retinal/ mol P-carotene. It is 

postulated that both mechanisms are present in vivo, with central cleavage being a 

cytosolic process and excentic cleavage associated with membranes (35). The 

significance of such compartmentalization is unknown at this time. 



It is worth noting that dietary supplementation with high doses of p-carotene does 

not induce hypervitaminosis A (35). Although (3-carotene levels can vary widely in the 

plasma, retinol levels are tightly regulated (35). Because the activity of P-carotene 

15.15"-dioxygenase appears to be very low, large doses of P-carotene are either absorbed 

unchanged or eliminated before large amoimts of retinoids can be generated. 

Chemopreventive Activity 

Several mechanisms have been suggested to explain the mechanism by which P-

carotene may act as a chemopreventive agent against cancer. First. P-carotene is 

converted to retinoids (vitamin A), as discussed. Retinoids bind to a family of receptors 

that can regulate the transcription of various genes. In general, retinoids induce cellular 

differentiation, which antagonizes clonal expansion, a hallmark of cancer cells. Second. 

Bertram et al. have shown that in some cell types. P-carotene can help increase gap 

junctional communication between cells by inducing the expression of connexin proteins 

(47). This helps maintain contact growth inhibition among adjacent cells, thus 

suppressing clonal expansion. P-Carotene also has been suggested to have stimulator}-

effects on the immune system (48.49). It is thought that by stimulating immune function, 

the body is better able to combat neoplastic cells as foreign material. The single most 

widely postulated explanation of the chemopreventive actions of P-carotene. however, 

has been its function as an antioxidant. Oxidative DNA damage is an initiating event in 

carcinogenesis (50.51) and persistent oxidative states are associated with promotion of 



cancer (50.51). Thus, the antioxidant function of P-carotene could affect the development 

of cancer at multiple levels by limiting the initiation of cells and by lessening promotion 

of transformed cells in vivo. 

Antioxidant Actions 

Before discussing the antioxidant and prooxidant actions of p-carotene. it is 

important to define some terms. An antioxidant reaction is defined as any reaction that 

results in a net consumption of radicals and/or inhibits oxidative damage to critical 

biomolecules. An antioxidant is any molecule that undergoes antioxidant reactions. A 

prooxidant reaction is any reaction that increases formation of radicals and/ or increases 

oxidative damage to critical biomolecules. A prooxidant is any compound that undergoes 

prooxidant reactions. An aiitoxidation reaction is any reaction in which a compound 

participates in its own consumption. These definitions allow that a compound that acts as 

an antioxidant in one system can be a prooxidant in different model systems, under 

different oxygen partial pressures, or when exposed to different oxidative challenges. 

P-Carotene has been shown to be an effective antioxidant in numerous in vitro 

systems. In a mi.xed solution system of hexane. isopropanol. and tetrahydrofuran. P-

carotene (I mol%) was able to reduce the initial rate of oxidation of methyl linoleate by 

AMVN to 25% of that without carotenoid (52). Palozza and Kxinsky also showed that P-

carotene inhibits oxidation of microsomal lipids by the azo inititator AIBN in hexane 

solution in a dose dependent fashion (53). P-Carotene decreased oxidation of native fatty 



acids initiated with AIBN in hexane solutions (54). However the concentration of P-

carotene used in this study was very high. 16.7 mol% (54). In benzene. P-carotene 

produced a dose dependent decrease in methyl linoleate hydroperoxides in the very 

modest 0.002 to 0.01 mol% range (55). It is worth noting that p-carotene was less 

effective than a-tocopherol at preventing lipid oxidation in all these systems (52-55). 

Solution systems are unable to completely model in vivo systems since complex 

interactions present in membranes do not exist in solution. The antioxidant actions of P-

carotene have also been examined in liposomal model membranes. Tsuchihashi et al. 

showed that P-carotene (1%) decreased formation of phospholipid hydroperoxides in soy 

phosphatidyl choline liposomes initiated with AMVN under both air and 2% oxygen 

atmospheres (55). Similar results have been noted for decreased formation of 

hydroperoxides by P-carotene (1%) in egg yolk PC liposomes (56.57). Conjugated diene 

formation was decreased 70% in soy PC liposomes supplemented with 0.38% P-carotene 

at 15 and 160 torr O. (58). 

Vile and Winterboum examined the effect of oxygen partial pressure on the 

antioxidant actions of p-carotene in rat liver microsomes exposed to iron/adriamycin (59). 

In this model, in which only low oxygen tensions (4-160 torr) were examined, p-carotene 

functioned as an antioxidant in a dose dependent fashion with little difference noted 

between 4 and 160 torr (59). Other studies conducted in rat liver microsomes suggest that 

P-carotene is an effective antioxidant (60) or even a synergistic antioxidant with a-

tocopherol (61). The relevence of these studies have been questioned however, due to the 



high concentrations of P-carotene used (up to 50 nmol/ mg protein). A recent report by 

Liebler et al. examined the effect of dietary P-carotene supplementation on the oxidation 

of gerbil liver microsomes initiated with AAPH (62). P-Carotene played little role in 

prevention of oxidative damage in the presence of physiologic levels of a-tocopherol 

(62). 

Reports of antioxidant activity of P-carotene have also been reported in animal 

models (63.64) and human subjects(65,66). 

Singlet Oxygen Scavenging 

.A. natural function of P-carotene and other carotenoids/ xanthophylls is to protect 

plants from singlet oxygen generated during photosynthesis. This activity is conserved 

when P-carotene is taken into the body via the diet. There are two mechanisms by which 

P-carotene can inactivate singlet o.xygen (67.68). The first, termed physical quenching, 

results from an energy transfer between singlet oxygen and ground state P-carotene. This 

interaction returns singlet oxygen to its triplet ground state while p-carotene is converted 

to an excited state form (eq 1.14). P-Carotene is able to dissipate this e.xcess energy 

through vibrational and rotational moverunent of the polyene structure. This mechanism 

returns P-carotene to its ground state and results in no net consumption of P-carotene (eq 

1.15). 

'o, + pc 'o, + pc* (1.14) 
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pC* pC + heat (1.15) 

Chemical quenching occurs when singlet oxygen reacts with P-carotene to modify the 

carotenoid structure, which results in oxidation of the P-carotene polyene (eq 1.16). The 

reaction of P-carotene with singlet oxygen results in the generation of several p-carotene 

oxidation products. Stratton et al. have shown that P-carotene-5.8-endoperoxide is a 

unique marker product for the interaction of P-carotene with singlet oxygen in solution 

(69). 

'O, + pC ^ 'O, + pC-oxidation products(1.16) 

P-Carotene inactivates nearly 1000 singlet oxygen molecules by physical quenching for 

every one quenched by a chemical mechanism. This allows one P-carotene molecule to 

deactivate many singlet oxygen moieties before it is consumed itself. This activity has 

been put to theraputic use in patients suffering from erythropoetic protopropheria (70). 

These individuals overproduce porphyrins, which accumulate and act as photosensitizers 

generating singlet oxygen and other reactive oxygen species in vivo (70). 

Supplementation with P-carotene has proven effective at relieving the symptoms 

associated with this disease. 
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Peroxyl Radical Scavenging 

Burton and Ingold were the first to propose a mechanism by which P-carotene 

acts as a peroxyl radical scavenger (71). They suggested that P-carotene. with its 

extended polyene structure could add to peroxyl radicals to produce a resonance 

stabilized radical adduct (eq 1.17). 

The resulting radical is much more stable and presumably less reactive due to the 

e.xtended conjugation through which the radical can be delocalized. The P-carotene 

radical adduct. they speculated, could then react with a second peroxyl radical to form a 

nonradical product (eq 1.18). These reactions would terminate a radical chain and 

consume two radicals (71). 

The termination reaction described (eq 1.18) is in competition with the reversible addition 

of oxygen to the adduct. Addition of molecular oxygen to the P-carotene radical adduct 

results in the generation of a P-carotene derived pero.xyl radical (eq 1.19). The p-carotene 

peroxy radical is thought to be reactive enough to initiate further chain reactions. 

pC + ROO* ^ ROO-pC* (1.17) 

ROO-PC* + ROO* ^ ROO-pC-OOR (1 .18)  
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ROO-pC* + O, -> ROO-PC-OO* (1.19) 

The formation of the P-carotene peroxyl radical is favored at higher oxygen tensions and 

is thought to be involved in prooxidant actions of P-carotene. The significance of this 

reaction will be discussed further below. 

Products resulting from o.xidation of P-carotene have been characterized primarily 

by HPLC using ultraviolet-visible absorbance for detection (69.72-75). This approach 

has led to the identification of two main classes of P-carotene oxidation products. P-

carotene epoxides and chain cleavage products of P-carotene (72-75). P-Carotene 

epoxides have been identified in vitro in both solution and liposomal model systems. To 

date, products resulting from epoxidation of only two of P-carotene"s 6 unique double 

bonds have been identified (Figure 1.8) (72.74.75). 5.6-epoxy-P-carotene, 5.6.5".6"-

diepoxy-P-carotene. and 15.15*-epoxy-P-carotene. The ring epoxide. 5.6-epoxy-p-

carotene and its rearrangement product 5.8-epoxy-P-carotene have been identified in both 

solution and liposomal systems, whereas 15.15"-epo.xy-P-carotene has only been 

identified from oxidations of P-carotene in solution. P-Carotene epoxides appear as intial 

products resulting from oxidation of p-carotene. however, they are readily consumed by 

further oxidative modification. 

The chain cleavage products of P-carotene are comprised of several aldehydes and 

ketones derived from cleavage of the P-carotene polyene chain. E.xamples of these 

compounds include P-apo-8"carotenal. retinal (P-apo-15-carotenal). and p-apo-13-
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P-Carotene-5.6-epoxide 

P-Carotene-5.8-epoxide 

P-Carotene-5.6.5'6'-epoxide 

P-Carotene-5.8.5'.8'-epoxide 

P-Carotene-15.15'-epoxide 

Figure 1.8 Structure of P-carotene epoxides. 
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Figure 1.9 Structure of chain cleavage products of P-carotene. 



carotenone (Figure 1.9). These products are also generated early in oxidation of (3-

carotene in both solution and liposomal systems (72.74). Long chain products are 

oxidatively cleaved to produce shorter chain products upon further oxidation (74). This 

was shown by the production of a series of (i-apo-carotenais (10"-. 12'-, 14"-. 15"-) from 

the oxidation of P-apo-8"-carotenal (74). Given sufficient time nearly all P-carotene 

would be converted to low molecular weight aldehydes and ketones by oxidation in these 

systems. 

The mechanism(s) by which these two classes of oxidation products are generated 

remains unclear. The mechanism proposed by Burton and Ingold for the antioxidant 

function of P-carotene is dependent on the addition of a peroxyl radical to the polyene of 

P-carotene to generate a resonance stabilized radical (eq 1.17) (71). A second peroxyl 

can then react with the initial P-carotene-peroxyl adduct to generate nonradical products 

(eq 1.18) (71). A modification of this mechanism has been invoked to explain production 

of both P-carotene epoxides and chain cleavage products (Figure I.IO) (76). Epoxides 

are formed from addition of a peroxyl radical to P-carotene with subsequent rearrangment 

and loss of an alkoxyl radical (76). This process traps one peroxyl radical while releasing 

one alkoxyl radical, thus producing a net trapping of zero radicals. Addition of a second 

peroxyl radical adjacent to the first results in a nonradical product that may rearrange to 

generate aldehyde or ketone fragments (76). This process generates two alkoxyl radicals, 

through homolytic cleavage of the bis-peroxyl-P-carotene complex. Overall, this process 
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Proposed mechanism for the formation of P-carotene epoxides and chain 
cleavage products (76). 
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Figure 1.11 Mechanism for the formation of epoxides and chain cleavage products 
from P-carotene oxidation (77). 



traps two peroxyl radicals but releases two alkoxyl radicals, with a net of zero radicals 

consumed. An alternative mechanism has been proposed in which the reactivity of P-

carotene is linked to the isomerization of the polyene from the a.\\-tnms to a mono cis 

configuration (Figure l.l 1) (77). During this process. P-carotene forms a triplet diradical 

intermediate, which can reversibly add oxygen to form a P-carotene peroxyl radical (77). 

An intramolecular rearrangment generates a dioxetane that can decompose to form two 

carbonyl chain cleavage products. This process consumes zero radicals. Alternatively, 

the diradical can react with a peroxyl radical to generate a p-carotene carbon centered 

radical, which could eject an alkoxyl radical and form an epoxide of P-carotene (77). 

This process consumes one peroxyl radical while generating one alkoxyl radical. 

Neither of these proposed mechanisms can account for the antioxidant reactions 

of p-carotene. The P-carotene epoxides and the chain cleavage products of P-carotene are 

the result of addition/elimination mechanisms that result in no net radical consumption 

(Figures 1.10 and 1.11) and therefore are not markers of P-carotene antioxidant reactions. 

Thus, the vast majority of stable products resulting from the oxidation of P-carotene do 

not appear to result from antioxidant reactions. 

A recent study by Liebler and McClure examined P-carotene oxidation by the azo 

initiator AMVN in benzene (78). Resulting products were analyzed directly by 

atmospheric chemical ionization LC-MS without prior chromatographic separation 



51 

R(0), 

pc+. 

H+ 

R(0). 
PC " R(0)-pC. 

R(0). 

pc-

R(0). 

R(0)-PC-(0)R 

Addition 

PC-(0)R 

Substitution 

Figure 1.12 Mechanism for the formation of substitution and addition products from 
the oxidation of [3-carotene (78). 



(78). This technique allowed observation of labile products that were not previously 

identified in studies which used chromatography to isolate individual compounds. Two 

classes of novel products were observed, substitution products and addition products (78). 

Substitution products arise from radical reactions that result in hydrogen atom 

abstraction, either directly or by electron transfer and proton loss, with subsequent radical 

recombination (Figure 1.12) (78). The product has formally substituted a radical for a 

hydrogen atom. Addition products are the result of radical addition to P-carotene to 

generate a radical adduct. followed by combination with a second radical to produce a 

nonradical termination product (78). The mechanisms for the formation of both 

substitution proJucts and addition products account for a net consumption of two radicals 

(Figure 1.12). Collectively, these products are the first oxidation products identified that 

directly result from antioxidant reactions of P-carotene. Interestingly, the products 

identified by Liebler and McClure were all alkyl and alkoxyl adducts of P-carotene, not 

peroxyl adducts as had been proposed by Burton and Ingold. It is likely that products 

which result from peroxyl radical oxidation of P-carotene rearrange rapidly to epoxides 

and or chain cleavage products. Such a fate would release alkoxyl radicals and lead to 

autoxidation of P-carotene as discussed above. 
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Figure 1.13 Dependence on the intial rate of oxidation of methyl linoleate on P-
carotene concentration and oxygen tension in solution from Burton and 
Ingold (71). 



Prooxidant Activities 

Burton and Ingold were the first to describe the "unusual" nature of the antioxidant 

activity of P-carotene (71). Classical antioxidants (e.g. tocopherols) fiinction as hydrogen 

atom donors and their antioxidant activities are independent of oxygen tension (71). 

These compounds are effective antioxidants because they react rapidly with radicals and 

the resulting antioxidant radicals are stable enough to prevent chain reaction propagation. 

Burton and Ingold suggested that p-carotene didn't fit the mechanism of classical 

antioxidants. P-Carotene lacks an easily donated hydrogen atom, such as the phenolic 

hydrogen in tocopherols and the antioxidant actions of p-carotene are dependent on 

oxygen concentration. P-Carotene was shown to inhibit the oxidation of both tetralin and 

methyl linoleate in chlorobenzene. however, this effect was shown to be more efficient at 

low oxygen tensions and at relatively low p-carotene concentrations (71). With 

increasing oxygen partial pressure and P-carotene concentration, the protective effect of 

P-carotene was diminished (71) (Figure 1.13). 

The authors speculated that the mechanism of antioxidation for P-carotene 

involved radical addition to produce an adduct where the radical is delocalized 

throughout the polyene (71). Such a mechanism explains why p-carotene can function as 

an antioxidant at low oxygen concentrations, yet loses this effect at higher oxygen 

tensions (Figure 1.14). The addition and resonance delocalization of a radical results in 

generation of a p-carotene carbon centered radical (eq 1.17). At low oxygen pressures. 
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Figure 1.14 Scheme for the oxygen dependent antioxidant activity of P-carotene. High 
oxygen tensions drive the formation of peroxy-p-carotene adducts that can 
lead to P-carotene autooxidation and oxidation of biomolecules. 



oxygen addition to the radical adduct to produce the P-carotene peroxyl radical would not 

be favored. However, at higher oxygen tensions, oxygen addition is more likely and 

significant levels of p-carotene peroxyl radical could result. A p-carotene peroxyl radical 

would be expected to participate in radical chain propagation like any other peroxyl 

radical. By abstracting a proton from a neighboring P-carotene or lipid the P-carotene 

peroxyl radical induces autoxidation or chain propagation reactions. This mechanism has 

been used to explain how p-carotene autoxidation could lead to increased oxidation of 

biomolecules. 

The oxygen dependence of P-carotene antioxidant function extends to include 

liposomal, microsomal, and cellular systems. In soy PC liposomes. Kennedy and Liebler 

(58) showed that p-carotene is depleted significantly faster at 160 and 760 torr than at 15 

torr. These results coincided with a significant increase in the formation of polar P-

carotene oxidation products, but not of P-carotene epoxides at oxygen tensions above 160 

torr (58). Likewise, protection against conjugated diene formation by P-carotene was less 

pronounced. 40% to 70% at 760 torr than 160 and 15 torr. respectively (58). The authors 

suggested that the loss of P-carotene antioxidant activity at higher oxygen partial pressure 

was due to an increase in the autoxidation of P-carotene (58). They modified the 

mechanism proposed by Burton and Ingold to include the addition of a second peroxyl 

radical or molecular oxygen to the P-carotene alkyl radical following radical addition and 

resonance delocalization. The first pathway consumes two radicals and is termed 

antioxidant, whereas the second pathway generates the peroxy-p-carotene radical adduct 



and results in a net consumption of zero radicals and is termed autoxidative. The authors 

concluded that many pathways are present in any system in which P-carotene is under 

oxidative challenge and that it is the relative contributions of the individual pathvvays that 

dictates the overall antioxidant/autoxidative effects (58). 

Palozza et al. have examined the oxygen dependence of P-carotene antioxidant 

effects in rat liver microsomes (79). In this study P-carotene (40 nmol/mg protein) 

showed about a 33% increase in malonyldialdehyde production over control microsomes 

exposed to the water soluble azo compound AAPH at 37° C under a 760 torr 0, 

atmosphere (79). This is in contrast to approximately a 22% decrease in 

malonyldialdehyde formation in microsomes supplemented with P-carotene (40 nmol/mg 

protein) exposed to AAPH at 37° C under a 150 torr atmosphere (79). The prooxidant 

effect of P-carotene noted at 100% O, was shown to be dose dependent between 0 and 40 

nmol/mg protein and completely inhibitable by addition of 20 nmol/mg protein a-

tocopherol (79). a level approximately 40-fold above those seen in vivo. 

Similar studies were performed in normal and tumor thymocytes supplemented 

with P-carotene in vitro (80). In this system, p-carotene inhibited the formation of 

malonyldialdehyde in both cell types at 150 torr O. (80). At 760 torr O. normal 

thymocytes supplemented with P-carotene showed no difference in malonyldialdehyde 

formation over control (80). Malonyldialdehyde formation was significantly increased in 

the tumor cells treated with P-carotene at the higher oxygen tension (80). This 



prooxidant effect of P-carotene in tumor thymocvles was shown to be dose related at 0. 

1.6. and 2.8 nmol pC/mg dry weight (80). 

It is worth noting that a prooxidant effect of P-carotene. that is to say 

enhancement of oxidative damnage versus controls without p-carotene. has only been 

noted in experiments under conditions of 760 torr oxygen (100% O^). In other cases, 

under 150 or 15 torr. the effect noted has been a loss of the antioxidant activity not a true 

prooxidant effect. These results question the idea that p-carotene can act as a prooxidant 

under physiologically relevant conditions. 

Epidemiology of P-Carotene and Cancer Risk 

Observational Studies 

Peto et al. first suggested that P-carotene may serve as a useful chemopreventive 

agent based on a review of pertinent literature concerning dietary surveys and cancer 

incidence at the time (5). Ziegler and Mayne have also reviewed the literature in this 

field in 1991 (7) and 1996 (6). respectively. These reviews have all shown that low 

dietary intakes of p-carotene and low blood levels of P-carotene were associated with 

increased risk of developing cancer at many sites (5-8). This association was most 

impressive with lung cancer however, where 26 of 28 studies showed a decrease in lung 

cancer risk with increases in P-carotene consumption (6). Worth noting is that the same 

decreases in risk were not always seen with vitamin A consumption, which suggests that 



the chemopreventive actions of P-carotene are not dependent on conversion to retinoids 

(6.7). 

Clinical Intervention Trials 

Individuals consuming diets containing high levels of p-carotene and those with 

elevated levels of P-carotene in their blood have been shown to have lower rates of cancer 

and cardiovascular disease. These results led to randomized intervention trials to more 

closely examine this effect. These studies were designed to examine whether p-carotene 

could materially protect against disease in high risk populations. Most importantly to this 

work, these trials addressed whether dietar\' P-carotene supplementation could decrease 

cancer incidence and mortality in smokers. 

In 1990. the results of an intervention trial using P-carotene to prevent skin cancer 

were reported (81). This trial consisted of 1805 male and female patients diagnosed with 

a previous nonmelanoma skin cancer (81). The cohort was randomized to either 50 mg of 

P-carotene per day or placebo. Plasma P-carotene levels were determined everv' year 

during the study. The active treatment group showed an increase in plasma P-carotene 

concentration from 0.17 mg L"' at baseline to 1.62 mg L ' following year one. whereas P-

carotene levels were unchanged in the placebo group (81). 

A total of 2001 new skin cancers were diagnosed during the five years of study 

(362 patients in the active treatment group and 340 patients in the placebo group had at 

least one new cancer) (81). There was no statistical difference in relative rate of new skin 

cancers between the patients receiving P-carotene and those receiving placebo (81). The 
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conclusion from this work was that dietary P-carotene supplementation had no effect on 

the development of new skin cancer in this population. 

The Polyp Prevention study examined the effect of supplemental antioxidant 

vitamins on reducing the incidence of new colorectal adenomas, a precursor of invasive 

cancer, in patients diagnosed previously with adenoma (82). The study population 

consisted of 864 patients that were randomized to one of four treatment regimens: P-

carotene (25 mg daily), vitamin C (1 g daily) and vitamin E (400 mg daily). pC plus 

vitamins C and E. or placebo (82). Subjects for this study were 79% male and averaged 

61 years of age (82) Serum p-carotene levels were determined after years I and 4 during 

the study. A three fold increase in serum P-carotene levels was noted in those patients on 

active P-carotene supplementation versus baseline values (0.69 mg L ' versus 0.21 mg L"' 

respectively) (82). A total of 245 patients were diagnosed with at least one new adenoma 

at the year one examination and 279 were diagnosed with one or more adenomas between 

the year one and four examinations (82). No difference was noted in the proportion of 

patients with new adenomas between those on active pC supplementation (37%) and 

those receiving placebo (38%) (82). The conclusion drawn was that supplemental P-

carotene had no effect on the development of new adenomas in this study population. 

The Physician's Health study examined the effect of supplementary' aspirin (325 

mg on alternate days) and P-carotene (50 mg on alternate days) on the incidence of 

malignant neoplasms and cardiovascular disease and on total mortality (83). This study 

examined 22.071 male physicians between the ages of 40 to 84 (83). At enrollment. 11% 



of the population were current smokers and 39% were former smokers (83). Plasma 

levels of P-carotene were determined through random visits during the study period. 

Those patients receiving active P-carotene supplementation had plasma levels of 1.2 mg 

L"' compared to 0.3 mg L ' for those in the placebo group (baseline levels were not 

reported) (83). Following 12 years of supplementation, no differences were noted 

between the pC and placebo treatment groups with respect to overall mortality (979 P-

carotene. 968 placebo), deaths from cancer (386 pC. 380 placebo), or lung cancer 

incidence (82 pC. 88 placebo) (83). Likewise, there were no differences between the 

active treatment and placebo groups with respect to cardiovascular endpoints (83). 

Again, the conclusion was that supplemental p-carotene had no effect on the endpoints 

examined in this population. 

In 1993. the results from an intervention trial conducted in Linxian County. China 

were published (84). This study enrolled 29.584 individuals between the ages of 40 and 

69, of which 30% were classified as having been smokers (84). This population was 

randomized to one of several treatment groups, each receiving a combination of 

micronutrient supplements, however only one treatment group, which received P-carotene 

(15 mg). a-tocopherol (30 mg) and selenium (50 ug) daily is of interest here (84). Data 

concerning mortality and cancer incidence were collected over a six year period, from 

1986-1991. A total of 2127 deaths were reported during the study period. 792 of which 

were deaths due to cancer (84). Individuals receiving active supplementation with P-

carotene. a-tocopherol and selenium had statistically significant decreases in overall 



mortality (9%) and cancer deaths (13%) (84). This study was the first large intervention 

trial which showed a beneficial effect of supplemental P-carotene on cancer mortality. 

The Alpha-Tocopherol. Beta-Carotene Cancer Prevention Study examined the 

effect of dietary vitamin E and P-carotene on lung cancer in heavy smokers (9). This 

study enrolled 29.133 male smokers from southwest Finland, who were randomized to 

one of four treatment regimens, dl-a-tocopherol acetate (50 mg daily) and all-/m«.s- P-

carotene (20 mg daily), both, or placebo (9). Participants averaged 57.2 years of age. and 

had smoked 20.4 cigarettes a day for 35.9 years (9). During the third year of the study, 

blood levels of both a-tocopherol and P-carotene were determined and compared to 

baseline levels prior to supplementation. Both active treatment groups showed elevated 

median levels of nutrient versus their corresponding control groups (a-TH. 17.3 versus 

12.4 mg L"', pC. 3.0 versus 0.18 mg L"') (9). Median nutrient levels were the same for 

treatment versus control groups at baseline. 

After up to 7.5 years of follow-up. 876 newly diagnosed lung cancers (564 deaths) 

and 3.570 total deaths were reported in the cohort (9). Those subjects treated with a-TH 

showed no difference in lung cancer incidence or total mortality when compared to those 

subjects not receiving a-TH (9). However, subjects receiving P-carotene had an 18% 

increase in lung cancer incidence and an 8% increase in total mortality when compared to 

those subjects who were not treated with P-carotene (9). Subgroup analysis has shown 

nonsignificant trends for increased lung cancer risk with smoking greater than 20 

cigarettes and consumption of greater than 11 g of alcohol per day (85). This was the 



first large intervention trial that showed that supplemental p-carotene given to smokers 

was associated with increased risk for lung cancer and overall mortality'. 

The Beta-Carotene and Retinol Efficacy Trial was comprised of 18.314 smokers, 

former smokers, and asbestos exposed workers (10). This study examined the effect of 

B\\-trans P-carotene (30 mg daily) plus retinol (retinyl palmitate 25.000 lU daily) versus 

placebo on lung cancer in both men and women within the cohort (10). The average age 

of these participants was 58 years at entry with 66% being active smokers (average 50 

pack-years) and 34% former smokers (average 3 years since quitting) (10). After 5 years 

of supplementation, median serum levels of P-carotene were increased to 2.1 mg L ' in 

the active treatment group versus 0.17 mg L"' in the placebo group (10). Retinol levels 

were elevated 10% in the active compared to the placebo group (10). 

Following a mean 4 years of supplementation. 388 new lung cancer cases (254 

deaths) and 974 total deaths were reported (10). The p-carotene and retinol treated group 

showed a 28% increase in lung cancer incidence and a 18% increase in total mortality 

when compared to the placebo group (10). Based on these results and those obtained in 

the ATBC study. CARET was terminated 21 months early (10). Like the .ATBC study, 

increase risk was associated with high daily ethanol consumption (86). This was the 

second large intervention trial that showed conclusively that supplemental P-carotene in 

smokers was associated with increased risk for lung cancer and overall mortality. 

Out of six large intervention trials P-carotene supplementation had no effect on 

the measured endpoint in 3 of these studies (81-83), a beneficial effect in one study (84). 



and two surprising adverse effects (9.10). The positive outcome noted in the LiiLxian 

study has been attributed to a supplementation of a micronutrient deficient population to a 

sufficient status with respect to the antioxidant nutrients (i-carotene. a-tocopherol. and 

selenium. Studies showing no effect of P-carotene supplementation were surprising 

based on previous observational studies. It was much more surprising, however, that 

supplemental P-carotene was associated with significant increases in lung cancer and 

overall mortality in two large intervention trials involving predominantly heavy smokers. 

These results were the first data to suggest that P-carotene could be harmful to human 

health. Previously, the most serious side effect associated with consumption of high 

concentrations of P-carotene was a yellowing of the skin. Significant increases in overall 

mortality and cancer deaths could not have been anticipated based on previous 
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Table 1.1 Clinical intervention trials testing P-carotene as a chemopreventive against 
cancer related end points. 

Trial Cone. P-carotene (mg L ') End Point Result 

Placebo Active 

Skin Cancer 

Prevention" 

(0.2) 0.2 (0.2) 1.6 Nonmelanoma Skin 
Cancer 

No effect 

Polyp Prevention (0.2) 0.2 (0.2) 0.7 Colorectal Adenoma No effect 

Physician's Health 

c 

(NR-) 0.3 (NR) 1.2 Cancer. Cardiovascular 
Disease 

No effect 

Linxian County ^ (0.07) 0.1 (0.06) 0.9 Cancer Positive 

Finnish Smokers" (0.2) 0.2 (0.2) 3.0 Lung Cancer Negative 

CARET' (NR) 0.2 (NR) 2.1 Lung Cancer Negative 

' (baseline) intervention.' NR not reported 
" pC 50 mg daily (BASF).'' pC 25 mg daily." pC 50 mg on alternate days (BASF). pC 
15 mg daily. " pC 20 mg daily (Hoffmann-LaRoche). ' pC 30 mg daily (Hoffman-
LaRoche) 
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epidemiological data. The mechanism by which P-carotene supplementation is 

associated with increases in overall mortality and cancer death remains to be answered. 

Objectives and Aims 

Observational epidemiology has suggested that consuming a diet high in P-

carotene is linked to reduced cancer rates. Similar studies have also shown that higher 

blood levels of p-carotene are also inversely related to cancer development at various 

sites, including the lung. Based on these data, several large intervention trials were 

undertaken to prove the utility of P-carotene as a cancer preventive agent. In most cases 

P-carotene was shown to have no effect on cancer incidence. However, when p-carotene 

was provided to heavy smokers as a dietary supplement, lung cancer incidence and 

mortality increased significantly. These were the first data suggesting that P-carotene 

could be deleterious to human health. 

Many questions have been raised concerning the mechanism by which p-carotene 

supplementation could lead to increased cancer rates in smokers. The most prominent 

hypothesis is that P-carotene acts as a prooxidant when exposed to cigarette smoke in the 

lung. This theory is based on the fact that P-carotene has been shown to be a poor 

antioxidant at elevated concentrations of P-carotene and under conditions of high oxygen 

tension. It is known that cigarette smoke contains numerous oxidants, including nitrogen 

oxides, peroxyl radicals, and superoxide generating quinone/hydroquinone couples. It is 

known that the lung is exposed to relatively high oxygen tensions, equivalent to those 



shown to decrease the antioxidant capacity of P-carotene in vitro. It has also been shown 

that smokers given P-carotene in randomized clinical intervention trials showed 

significant increases in P-carotene levels over those of baseline or placebo controls. 

This dissertation project is based on the hypothesis that P-carotene functions as a 

prooxidant when exposed to cigarette smoke. Oxidants present in cigarette smoke are 

able to oxidize p-carotene, resulting in a depletion of P-carotene and a generation of P-

carotene oxidation products. This process may produce p-carotene peroxyl radicals, 

which are thought to participate in reactions that result in prooxidant effects (Figure 

1.15). The aims of this project are as follows. 

1. Isolate and characterize the products resulting from oxidation of p-carotene by 

cigarette smoke and smoke fractions. 

2. Develop a sensitive specific assay to quantify primary lipid pero.xidation products by 

gas chromatography with electron capture detection. 

3. Determine the antioxidant/ prooxidant balance of reactions between p-carotene and 

cigarette smoke or smoke fractions in model systems. 

The following chapters contain the work proposed within the specific aims 

discussed above. Chapter 2 describes the isolation and characterization of 4-nitro-P-

carotenes. a novel class of oxidation products isolated fi-om cigarette smoke exposure in 

toluene solution. Chapter 3 describes the development and application of an assay to 



68 

measure hydroxy fatty acid methyl esters, primary marker products of lipid peroxidation, 

by gas chromatography with electron capture detection. Chapter 3 also discusses the 

application of this method to examine the prooxidant/antioxidant balance in liposomal 

model systems exposed to cigarette smoke with and without P-carotene incorporation. 

Finally, Chapter 4 provides concluding remarks and perspective concerning P-carotene. 

cigarette smoke, and lung cancer. 
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Figure 1.15 Hypothesized mechanism for the prooxidant effect of P-carotene in the 
smoke exposed lung. 
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CHAPTER 2 

CIGARETTE SMOKE OXIDATION OF P-CAROTENE IN SOLUTION: 

IDENTIFICATION OF 4-NITRO-p-CAROTENE 

Introduction 

Lung cancer is the leading cause of cancer death in the United States for both men 

and women (1). Observational epidemiology has shown that high dietary- intakes and 

high blood levels of P-carotene are associated with a decreased risk of lung cancer (5-7). 

However, recent intervention trials in heavy smokers indicated increzised lung cancer 

incidences and deaths in those participants receiving p-carotene supplementation versus 

placebo control (9.10). These results raise questions about the mechanism(s) by which 

supplemental P-carotene enhances lung cancer in these cohorts. 

Cigarette smoke is a comple.x mixture of literally thousands of compounds, many 

of which are known or suspected human carcinogens (3.15). Smoke by convention is 

divided into two main fractions based on separation by a glass fiber filter (15). Tar is 

defined as that protion of whole smoke trapped by the filter, whereas gas-phase smoke is 

that which passes throught the filter. Pryor and collegues have examined the radical 

nature of cigarette smoke (14-17). Tar radicals are composed of a mixture of 

quinone/hydroquinone redox couples which are capable of generating superoxide anion 

catalytically (15). Gas-phase smoke contains a steady state concentration of radicals 

resulting from nitrogen oxide driven oxidation of low molecular weight hydrocarbons 



present in the smoke stream (17). These radicals reach maximum concentrations after 

smoke has been aged ca. 1 minute (15). Pryor and collegues have shown by ESR and 

spin trapping techniques that these radicals are peroxyl radicals resulting from NO^ 

oxidation of low molecular weight hydrocarbons, such as isoprene (eq 2.1-2.3) (15.17). 

2NO + O, 2N0. (2.1) 

NO; + Isoprene —> NO^-Isoprene* (2.2) 

NOn-lsoprene* O; -> NO,-lsoprene-00* (2.3) 

Despite considerable interest in P-carotene and lung cancer in the last decade. 

ver\' little has been done to directly examine the chemistry of interactions between 

cigarette smoke and P-carotene. Handelman et al. have shown that P-carotene is depleted 

from human plasma exposed to gas-phase cigarette smoke, but resulting products were 

not examined (87). A limited body of work exists on the examination of the interactions 

between P-carotene and NO,. A recent study has also shown that p-carotene is depleted 

from hexane solution by NO,, although specific products were not characterized (88). 

Everett and coworkers have shown by pulse radiolysis that NO, oxidizes P-carotene in 

solution through the production of the P-carotene radical cation (eq 2.4) (89). 

P-carotene + NO, —> P-carotene" +N0,' (2.4) 



More is known about the chemistry resulting from oxidation of P-carotene by 

peroxyl radicals. Two main classes of products are formed from this interaction, p-

carotene epoxides and chain cleavage products, aldehydes and ketones which result from 

oxidative cleavage of the polyene chain (58.72.74.75). 

In order to explain the mechanism(s) by which P-carotene supplementation results 

in increase lung cancer in smokers, more must be known about the specific interactions 

resulting from smoke oxidation of p-carotene. Here were report studies examining the 

fate of P-carotene exposed to cigarette smoke in vitro. We have characterized the 

products resulting from cigarette smoke dependent oxidation of P-carotene in a solution 

system. 4-Nitro-P-carotene. a novel smoke-dependent oxidation product of p-carotene 

has been characterized as a major product of these interactions. A mechanism for the 

formation of 4-nitro-P-carotene by smoke-borne oxidants is proposed. 



Experimental Procedures 

Chemicals 

P-Carotene {dW-trans) was purchased from Fluka Chemical Corp. (Rotikonkoma. 

NY). Research grade cigarettes (1R3) were obtained from the University of Kentucky 

Tobbaco and Health Research Institute (Lexington. K.Y). Cambridge filter pads were 

obtained from Performance Systematics (Caledonia, MI). All other chemicals were of the 

highest purity available and were used without further purification. 

Instrumentation 

Product analysis was performed with a Hewlett Packard model I040M diode-

array detector coupled to Hewlett Packard 1050 4-channel gradient pump (Hewlett 

Packard. Palo Alto. CA). Hewlett Packard Chemstation software (version .A,.02.02) was 

utilized for system control and data analysis. LC-MS was performed on a Finnigan TSQ-

7000 triple quadrupole mass spectrometer fitted with an atmosheric pressure chemical 

ionization source (Finnigan MAT. San Jose. CA). NMR was performed on a 500 MHz 

Bruker AM-500 spectrometer. (Bruker Instruments. Billerica. MA) using an inverse 

broad-band probe with temperature regulation at 30° C. in the NMR Facility at the 

Department of Chemistry, the University of Arizona. 
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Figure 2.1 Apparatus used for both whole and gas-phase smoke exposures of P-
carotene solutions in toluene. 



Cigarette smoke oxidation of P-carotene in solution 

P-Carotene (250 |J.M in toluene) was exposed to whole or gas-phase 1R3 cigarette 

smoke at 200 mL everv' 15 min at 40° C for 3 hours using a smoking apparatus consisting 

of a 20 mL syringe, a three-way stopcock, and an inline filter (Figure 2.1). Gas-phase 

smoke was that fraction of smoke that passed through a Cambridge glass fiber filter. 

Samples (250 |^L) were prepared for HPLC analysis by evaporating solvent in vacuo and 

reconstituting the residue in mobile phase. Unoxidized P-carotene and products resulting 

from the oxidation of p-carotene in solution by whole or gas-phase 1R3 cigarette smoke 

were separated on a 4.6 x 250 mm ODS-2 5 micron HPLC column (Alltech Associates, 

Deerfield. IL) with gradient elution at 1.0 mL min '(75). Initially the mobile phase 

consisted of 100% solvent A (acetonitrile/methanol/ammonium acetate. 85:15:0.1 v/v/w). 

At 8 minutes solvent B (isopropanol) was introduced in a linear gradient to 30% by 12 

minutes. From 25 to 30 minutes the solvent was returned to 100% solvent .'X using a 

linear gradient. Compounds were detected by monitoring UV-Vis absorbance with diode 

array detection. 

Cyano HPLC was also performed on reverse phase HPLC-purified components 

resulting from smoke oxidations of P-carotene. These separations were done on a 4.6 x 

250 mm Allsphere cyano 5 micron HPLC column (Alltech Associates. Deerfield. IL) 

using he.xane/ethyl acetate (99.9:0.1. v/v) at 1.5 mL min"' as eluent (72). Detection was 

by diode array UV-Vis absorbance. 



Product identification from smoke oxidation of p-carotene in solution 

P-Carotene (500 mM in toluene) was oxidized with gas phase smoke (200 mL 

every" 5 minutes) at 40° C for 1 hour. Products were separated by reverse phase HPLC on 

a 10 X 300 mm Allsphere ODS-2 5 micron column using mobile phase of acetonitrile/ 

methanol/ isopropanol (59.5:10.5:30. v/v/v) at 4 mL min"' with detection at 450 nm. The 

peak eluting at 9.5 minutes was collected for cyano HPLC analysis. Cyano HPLC was 

done on a 10 X 300 mm Allsphere cyano column, compounds were eluted with heaxne/ 

ethyl acetate (99:1. v/v) at 4.0 mL min"' with detection at 450 nm. Individual compounds 

were isolated and characterized by LC-MS and NMR. 

Atmospheric pressure chemical ionization LC-MS was performed on a 4.6 x 250 

mm .A.llsphere cyano 5 micron column, with a mobile phase of hexane/ethyl acetate (99:1. 

v/v) at 1.0 mL min"'. Mass spectra were obtained in both the positive and negative 

modes. NMR characterization of "'C oxidation products was done by 2D double quantum 

filtered 'H COSY (90) in d(,-benzene at 30° C. 

Oxidation of ['X"] -P-carotene 

P-Carotene (per-['"C]. 98%) was obtained from Martek Corporation (Columbia. 

MD) as a crude hexane e.xtract from algae grown under [''C]-CO:;. The extract contained 

<i\\-trans P-carotene as well as several mono cis P-carotene isomers. Mono cis isomers of 

P-carotene were converted to the d.\\-trans form using the method of Foote et al. (91). 

All-/ram- p-carotene was purified by reverse phase HPLC on a 10 x 300 mm Allsphere 



ODS 2 5 micron column with a mobile phase of methanol/hexane (85:15. v/v) at 4.5 mL 

min '. A\\-tram per-['^C] P-carotene was analyzed by UV-Vis. LC-MS. and NMR. All 

results were consistant with the desired compound. 

Purified all-^ran^ per-['^C] P-carotene (150- 200 |aM in toluene) was oxidized 

with 100 mL of gas-phase smoke ever>' 5 minutes at 40° C for 1 hour. Products were 

anlayzed by reverse phase and cyano HPLC as described above. Individual [''C]-labeled 

p-carotene oxidation products were collected for characterization by NMR by HMQC 

(92) in d^-benzene at 30° C. 



Results 

Cigarette Smoke Depletion of P-Carotene from Solution 

P-Carotene was degraded by cigarette smoke exposure in toluene solution. 

Unfiltered whole smoke depleted P-carotene by 27% over 3 hours at 40° C. whereas gas 

phase smoke depleted P-carotene by 75% under the same conditions (Figure 2.2). 

Isolation of Smoke Dependent Oxidation Products of P-Carotene 

Products from cigarettte smoke oxidation of p-carotene were analyzed by reverse 

phase HPLC. Both gas phase and whole cigarette smoke treatment of P-carotene in 

solution generated several oxidation products (Figures 2.3 and 2.4). The distribution of 

products appeared to be similar with both treatments. However, gas-phase smoke formed 

greater quanties of these products than did whole smoke. .A.mong the p-carotene 

oxidation products identified by HPLC retention behavior. UV-vis absorbance. and LC-

MS were P-carotene chain cleavage products and P-carotene epoxides (Table 2.1). In 

addition a previously unknown product. R-IV which eluted at 16.5 minutes in this system 

was detected (Figure 2.3). The formation of this novel product by whole and gas-phase 

smoke exposures is shown in Figure 2.5. In experiments where P-carotene solutions were 

exposed to NO^ in air (30 ppm). product profiles were qualitatively identical to those 

from smoke exposures (data not shown). Peak R-IV was collected and subjected to 

further analysis by cyano HPLC. The resulting chromatogram. monitered at 450 nm. 

showed that peak R-IV contained several products (Figure 2.6). 
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Figure 2.2 Depletion of P-carotene from toluene solution with whole (•) and gas 
phase (•) cigarette smoke. Each point represents the mean + standard 
deviation of three determinations. 



Figure 2.3 Reverse phase HPLC ciiromatogram of products resulting from whole 
smoke oxidation of p-carotene in solution. 



a 
1 

Figure 2.4 Reverse phase HPLC chromatogram of products resulting from gas phase 
smoke oxidation of P-carotene in solution. 
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Table 2.1 Major products identified by reverse phase HPLC analysis of gas phase 
smoke oxidations of P-carotene in toluene solution. 

Peak # Identity Retention 

Time (min.) 

UV-Vis 

(nm) 

Positive -A.PC1 

(m/z. [M+H]') 

R-I (3-apo-14"-

carotenal 

7.2 398 311 

R-II P-apo-12'-

carotenal 

9.8 422 351 

R-lII P-apo-10"-

carotenal 

10.6 442 377 

R-IV 4-nitro-P-

carotene 

16.9 454 582 

R-V 5.8-epoxy-P-

carotene 

18.3 428.452 553 

R-VI 5.6-epoxy-p-

carotene 

19.8 446.474 553 

R-VIII P-carotene 25.2 452. 476 537 
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Figure 2.5 Generation of peak R-IV from toluene solutions of P-carotene exposed to 
whole (•) and gas phase (•) cigarette smoke. Points represent means + 
standard deviation of three determinations. 



Figure 2.6 Cyano HPLC chromatogram of products resulting from gas phase smoke 
oxidation of P-carotene in solution. 
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Table 2.2 UV-Vis and LC-MS data for compounds CI-VII purified by cyano 
chromatography as described under Materials and Methods. 

Compound' UV-Vis^ 

(nm) 

Positive APCP 

(/n/r. [M+H]*) 

Negative APCI^ 

(/n/r. [M-H]-) 

C-I 338.445.471 ND' 580 

C-II 339. 445.471 ND 580 

C-III 339. 449. 476 ND 580 

C-IV 460 582 ND 

C-V 342. 456 582 ND 

C-VI 342. 454 582 ND 

C-VII 346. 452 582 ND 

' Numbering scheme is shown in Figure 2.6. 
" In hexane. maxima are denoted by underline. 
' LC-MS. on a 250 x 4.6 mm cyano column, hexane/ethyl acetate (99:1. v/v) at 1.0 mL 

min"'. 
^ LC-MS, same conditions as above. 
' Not detected. 



Characterization of Smoke Dependent Oxidation Products of P-Carotene 

The same cyano HPLC system was then used to examine the components of R-IV 

by LC-MS. Two distinct groups of products were detected. The first consisted of 

compounds C-I. C-II. and C-III. which all showed masses at m/z 580 in the negative ion 

mode and were not detected in the positive ion mode (Table 2.2). The second group 

contained compounds C-IV. C-V. C-VI, and C-VII. which showed signals at m/z 582 in 

the positive ion mode, but were not detected in negative ion mode (Table 2.2). 

Individual compounds isolated from smoke oxidations of (3-carotene by both 

reverse phase and normal phase HPLC were treated with methylene blue and light 

according to the method of Foote et al. (91). This converts cis isomers to the 

thermodynamically favored zW-tram form (91). Treatment of products C-I and C-II 

converted both to C-III. as assessed by retention time and UV-Vis absorbance changes 

(Table 2.3). Likewise, methylene blue/light treatment converted compounds C-VI and C-

VII to C-V (Table 2.3). 

The individual products C-1 through C-VII generated by smoke exposures 

comprised only a small percentage of the intial P-carotene conentration. These products 

also showed varying stabilities upon storage, even under nitrogen at -20° C. Thus, it was 

difficult to generate adequate amounts of pure compounds to perform '^C-NMR analyses. 

Per-['"C] P-carotene was utilized to generate products labled at all carbon positions with 

'^C. This allowed analysis of the oxidation products by HMQC NMR. a 2-dimensional 

experiment in which protons directly attatched to '^C are observed. By generating per-



['X]-labeled products the sensitivity of this experiment was increased by a factor of 

1000. due to the low natural abundance of '"C versus '"C. The data collected from an 

HMCQ experiment on product C-III is shown in Table 2.4. These data showed three 

distinct sets of signals, an upfield group ('H 0.84-2.0 ppm. '^C 11.9-39.8 ppm). a 

downfield group ('H 6.02-6.78. '"C 124.0-138.7 ppm). and one between these ('H 4.57 

ppm. '""C 87.9 ppm). These data suggest modification of an aliphatic carbon by an 

electron withdrawing group. Proton COSY data was also obtained for compound C-III. 

['"C]. This 2-dimensional experiment allows determination of the coupling of protons on 

adjacent carbons. The significance of these data will be discussed below. 

Based on reverse phase HPLC retention. UV-vis absorbance spectra. APCl-

LCMS data and NMR characterization, product C-III has been identified as 4-nitro-P-

carotene (Figure 2.7). This product constitutes up to 30% of the cyano HPLC purified 

material resulting from gas phase cigarette smoke oxidation of P-carotene in toluene 

solution (200 mL per 5 minutes at 40° C for 1 hour). 
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Table 2.3 Methylene blue/light treatment of compounds isolated by cyano 
chromatography from compound R-IV. 

Compound Untreated Methylene Blue/ Light Treated 

Retention 

Time, (min.) 

UV-Vis (nm) Retention 

Time, (min.) 

UV-Vis (nm) 

C-I 5.8 336. 442. 468 6.7 450. 476 

C-II 6.2 338. 444. 470 6.7 450. 476 

C-III 6.7 450.476 6.7 450. 476 

C-IV 7.0 462 7.0 460. 486 

C-V 7.4 460.486 7.3 460. 488 

C-VI 8.0 452 7.2 460. 488 

C-VII 9.3 454 7.3 458. 486 
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Table 2.4 HMQC NMR data for compound C-III. Data were obtained in d^-benzene 
solution on a Bruker AM-500 (500 MHz) instrument at 30° C. 

Position' 'H 
Resonance 

(ppm)-

"C 
Resonance 

(ppm)-

Position 'H 
Resonance 

(ppm) 

"C 
Resonance 

(ppm) 

2 1.49 39.8 2' 1.49 39.8 

J 1.65.2.00 25.0 * 

J 1.60 19.5 

4 4.57 87.9 4* 1.97 32.9 

7 6.02 124.0 7" 6.34 126.6 

8 6.24 140.2 8" 6.38 138.2 

10 6.21 133.2 10" 6.32 131.4 

11 6.70 124.6 11" 6.78 125.3 

12 6.46 138.2 12" 6.48 138.7 

14 6.30 133.2 14- 6.33 133.2 

15 6.66 130.5 15" 6.67 130.5 

16 0.84 26.9 16* 1.14 28.9 

17 0.99 28.2 17" 1.14 28.9 

18 1.69 18.4 18' 1.80 21.7 

19 1.82 11.9 19- 1.94 12.2 

20 1.86 12.2 20' 1.86 12.2 

' Numbering scheme is shown in Figure 2.7. 
" HMQC experiment, all resonances appear as a doublet in the proton dimension. 



Figure 2.7 Structure and numbering scheme for 4-nitro-P-carotene. 



Discussion 

P-Carotene is oxidized in toluene solution by cigarette smoke exposure. Several 

products result from the oxidation of P-carotene in solution, one of which is a novel 

product 4-nitro-P-carotene. Chain cleavage products. P-apo-10*-. 12"-. and 14"-

carotenals and P-carotene epoxides. 5.6-epoxy-P-carotene and 5.8-epoxy-P-carotene have 

also been identified based on retention time in reverse phase HPLC. UV-vis absorbance 

properties, and molecular ions detected by APCI LC-MS (Table 2.1). These products 

have been previously identified in several systems where P-carotene has been oxidized 

(72-75). .A.11 have been proposed to arise from peroxyl radical mediated oxidation of P-

carotene. It is not a surprise, therefore, that they have been identified in this system since 

cigarette smoke is a good source of peroxyl radicals (15.17). 

Gas phase cigarette smoke is more effective at depleting P-carotene from solution 

(Figure 2.2) and generating P-carotene oxidation products (Figure 2.3). than is unfiltered 

whole smoke (Figure 2.4). Similar effects have been noted previously in studies of the 

effect of smoke and smoke fractions. It has been shown that the tar fraction of smoke is a 

complex mixture of quinone/hydroquine redox couples (14-16). This fraction of smoke is 

reducing in nature and therefore can attenuate some of the oxidizing characteristics of gas 

phase smoke. 

Reverse phase HPLC separation of products resulting from cigarette smoke 

oxidation of P-carotene revealed a previously unidentified product eluting between 16 

and 17 minutes. The retention time follows the polar chain cleavage products but 



precedes the P-carotene epoxides suggesting a compound of intermediate polarity. Initial 

characterization of R-IV by positive ion LC-MS showed signal at m/i 582. This 

technique generates protonated molecular ions with carotenoids. consequently the 

molecular weight was 581. An odd molecular weight requires an odd number of 

nitrogens present in the structure. Quick inspection shows the difference between 582 

and 536 as 46, or NO;,. It is known that P-carotene oxidation generates substitution 

products resulting from hydrogen abstraction presumably through allylic positions on p-

carotene (78). Smoke contains NO,, from the oxidation of NO (15,17). It was also noted 

that oxidation of p-carotene by NO, in air produced the same product profile as that seen 

with cigarette smoke (data not shown). Taken together, all this evidence suggested that 

R-IV contained a nitrated form of P-carotene. Several attempts were made to obtain MS-

MS information about the position of the nitro adduction but in all cases, loss of m/z 47 

(HNO,) was the most distinct product ion noted. Although this confirmed the presence of 

a nitro group, it did not indicate the position of substitution. 

Compound C-III was one of seven compounds isolated from reverse phase peak 

R-IV and accounted for up to 30% of these products under some oxidation conditions 

(200 mL gas phase smoke every 5 minutes for I hour at 40° C). Peaks C-1. II, and III 

exhibited UV-vis absorbance spectra that were very similar to p-carotene. All had 

absorbance maxima near 450 with fine structure similar to P-carotene. This suggested 

that the long polyene chromophore in P-carotene was intact, since disrupting this 

structure results in a decrease in the absorbance maximum. Peaks C-I and II also showed 



an absorbance peak characteristic of cis carotenoids. This is in contrast to compounds C-

IV. V. VI. and VII. which displayed absorbance maxima greater than 450 nm and which 

lacked fine structure. Peaks V. VI, ad VII also exhibited cis peaks. 

LC-MS also showed the presence of two distinct families of products. Negative 

ion LC-MS was able to detect C-I. II. and III at mJz 580. However, no signal was seen 

for the remaining 4 compounds. Likewise, positive LC-MS revealed C-IV. V. VI. and 

VII at m/- 582 but not the other three. Treatment of individual cyano HPLC purified 

compounds with methylene blue and light again showed two distinct classes of products 

(Figure 2.3). Foote et al. have shown that treatment of cis P-carotene with methylene 

blue and light leads to rapid conversion to the oW-irans form through quenching or singlet 

oxygen and/ or excited state sensitizer. Peaks C-I. II. and III all converted to the retention 

and absorbance characteristics of C-III. and C-IV. V. VI. and VII all converted to the 

retention and absorbance characteristics of C-IV and C-V. These results collectively 

prove that two distinct classes of compounds comprise the unknown peak R-IV, with 

both d.\\-trans and cis isomers present for both classes. 

Unfortunately these compounds proved to be relatively unstable and generating 

sufficient quantities (>5 mg) of all seven for NMR analyses was not possible. C-lII was 

both most abundant and appeared more stable than the other compounds. Therefore both 

HMQC and 'H COSY were obtained for this product. P-Carotene is symmetric through 

the 15.15" double bond, so both 'H and '"C NMR specta are identical for corresponding 

positions on either side of the structure. However, once adduction has taken place the 



symmetry is lost and the spectra become very complex. HMQC data for ['^C] C-III are 

shown in Table 2.4. The resonances shown for positions 2'-20". the non adducted half of 

the molecules possess resonances that are identical to those in d\\-trans P-carotene. The 

notable change in this spectrum is the downfield shift in one of the aliphatic resonances to 

4.57 ppm ('H) . 87.9 ppm ('"C). The combination of these data with the 'H COSY of 

['"C] C-III allowed for assignment of this resonance to position 4 in the substituted 

cyclohexene ring. A very important piece of data was the splitting of this proton 

resonance in the 1-dimentional 'H spectrum extracted from the COSY experiment. The 

resonance appeared as a doublet of doublets, indicating coupling to two nonequivalent 

protons at position 3 (1.65 and 2.00 ppm). This assignment was ftirther verified by 

observed coupling between the proton at C-3 and those at C-2. Position 5 in P-carotene is 

a quaternary carbon, thus there is no proton at this position to split the signal from 

position 4. COSY experiments performed on C-I and C-II confirmed that these 

compounds were cis isomers of 4-nitro-P-carotene as was discussed previously. Each 

peak appeared to be a mixture of mono cis isomers both on the same half of the molecule 

with the adduct and on the half opposite the adduct. 

A mechanism for the formation of 4-nitro-P-carotene is proposed in Figure 2.8. 

P-Carotene can react with either NO2 or peroxyl radicals to generate a P-carotene radical, 

likely through the formation of the cation radical (78.89.93.94). Subsequent reaction 

with a second NO^ can lead to formation of the nitro-product. whereas reaction with a 

peroxyl can lead to both epoxides and chain cleavage products. Reactivity of P-carotene 



at the 4 position has been suggested by other researchers. El-Tinay and Chichester 

showed that oxidation of P-carotene in solution by N-bromosuccinimide generated 4-

keto-P-carotenes through oxygen attack at this ailylic position (95). Similar results have 

been obtained by Woodall et al. (96). 4-Metho.xy- (or ethoxy-) p-carotene was isolated 

from peroxyl radical oxidations of P-carotene in solutions containing methanol (or 

ethanol). Likewise. Samokyszyn and Mamett showed that hydroperoxide-dependent 

cooxidation of 13-c/j' retinoic acid by prostaglandin H synthase generated 4-hydroxy-13-

cis retinoic acid (97). The 4 positon is one of four positions in P-carotene ailylic to the 

polyene. This position is also the most electron rich since it resides at the terminus of the 

polyene structure (95). 

This work is the first to describe a marker product for the interactions of P-

carotene with cigarette smoke. This product has also been identified in NO^ mediated 

oxidations of p-carotene and therefore is the first reported oxidation product of P-

carotene resulting from exposure to a reactive nitrogen species. Recent reports have 

shown that y-tocopherol is an effective scavenger of reactive nitrogen species (98-100). 

These interactions generate 5-nitro-y-tocopherol. a marker product for interactions of y-

tocopherol with peroxynitrite (99) and NO2 (98.100). P-Carotene may also function as a 

trap for reactive nitrogen species, as well as reactive oxygen species in vivo. Studies are 

currently underway in this laboratory to identify 4-nitro-P-carotene in cigarette smoke 

exposed human bronchial epithelial cells. 
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Figure 2.8 Proposed mechanism for the formation of nitro-P-carotene. chain cleavage 
products and P-carotene epoxides from cigarette smoke borne oxidants. 



CHAPTERS 

DETERMINATION OF THE ANTIOXIDANT/ PROOXIDANT BALANCE OF 

P-CAROTENE CONTAINING LIPOSOMES EXPOSED TO CIG.\RETTE SMOKE 

Introduction 

Two large clinical intervention trials have shown that smokers given supplemental 

p-carotene had increased risk for developing lung cancer (9.10). These results were 

surprising based on previous epidemiology which showed an inverse relationship 

between lung cancer risk and both P-carotene consumption and blood levels (5-7). One 

hypothesis put forth to explain the increase in lung cancer in P-carotene supplemented 

smokers has been that P-carotene acts as a prooxidant in the smoke exposed lung 

(11.101). Burton and Ingold suggested that P-carotene could be a prooxidant at high 

o.Kvgen tensions and at elevated P-carotene concentrations, based on work in solution 

systems (71). The idea that p-carotene supplementation beyond normal physiological 

levels, could participate in. rather than prevent oxidative damage in the lung, an organ 

exposed to high o.xygen concentrations, was an attractive one. 

Oxidative stress and the damage which results has been implicated in many 

human disease states including cancer (50.51). In order to determine the role an oxidative 

challenge plays in a given process, damage must be accurately 
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Figure 3.1 Generation of 9- and 13-hydroperoxy linoleates from radical mediated 
lipid peroxidation. 



measured. Many assays have been describe to measure lipid oxidation (67.102-106). 

however many suffer a lack of sensitivity or interference from extraneous compounds 

(conjugated dienes, malonyldialdehyde) (103.104). Still others require sophisticated 

instrumentation (67.105.106). In an effort to avoid these problems, a new method was 

developed to analyze specific primary products resulting from the oxidation of linoleic 

acid containing phospholipids. Linoleic acid (18:2) is the simplest of the polyunsaturated 

fatty acids and radical mediated oxidation of linoleic acid results in the generation of two 

linoleate hydroperoxides (9-. and 13-hydropero.\y octadecadienoate) (Figure 3.1) as 

initial products. Because of this straightforward relationship, these compounds were 

chosen for measurement by gas chromatography with electron capture detection 

following reduction and derivatization to O-pentafluorobenzoyl fatty acid methyl esters 

(Figure 3.2). This method allows specific, sensitive determination of lipid peroxidation 

resulting from cigarette smoke exposure. 

This work is the first to test the hypothesis that p-carotene acts as a prooxidant to 

increase oxidative damage to biomolecules when exposed to cigarette smoke. We have 

examined this question in a liposomal model system under an ambient atmosphere. This 

model was chosen because it is a chemically defined system where all variables were 

precisely controlled. This included use of relevant levels of P-carotene and other 

antioxidants as well as control over the interactions between P-CcU^otene and lipid in the 

system. Recent work has shown that die method by which P-carotene is incorporated into 
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Figure 3.2 General scheme for the conversion of 9-hydroperoxy linoleate to 9-0-
pentafluorobenzoyl methyl octadecanoate for analysis by GC-ECD. 



model systems impacts the antioxidant actions of the carotenoid (62). By examining 

levels of hydroxy fatty acid methyl esters in smoke exposed liposomes with or without P-

carotene and examining the disposition of ascorbate and a-tocopherol in liposomes with 

or without P-carotene. we have shown that P-carotene is not a prooxidant when exposed 

to cigarette smoke in vitro. 

Experimental Procedures 

Chemicals 

Linoleic acid were purchased form Nu Chek Prep (Elysian, MN), 12-hydroxy 

lauric acid, soy lipoxidase (type I. EC 1.13.11.12). L-ascorbic acid, and ferrozine were 

obtained from Sigma Chemical Co. (St. Louis MO). Rhodium 5% on alumina. PtO.. 

pentafluorobenzoyl chloride, and diisopropylethyl amine were purchased from Aldrich 

Chemical Co. (Milwaukee. WI). All-rmm-P-carotene was from Fluka Chemical Corp. 

(Ronkonkoma. NY) and a-tocopherol was a gift from Henkel Fine Chemicals (LaGrange. 

IL). Research grade (1R3) cigarettes and Cambridge filter pads were purchased from the 

University of Kentucky. Tobacco and Health Research Institute (Lexington. KY) and 

Performance Systematix (Caledonia. MI). Bovine liver phosphatidylcholine and 

dilinoleoyl phosphatidylcholine were obtained from Avanti Polar Lipids (Alabaster. AL). 



Instrumentation 

Capillary gas chromatography was performed on a Hewlett Packard 5890 series II gas 

chromatograph equipped with a Hewlett Packard 7673 autosampler, cool on-column 

injector, and electron capture detector (Hewlett Packard. Avondale. PA). Chemstation 

software 3365 series II was used for system control and data processing. Samples were 

analyzed on a 0.53mm .K 20m DB-5 capillary column (J&W Scientific. Folsom. CA). 

Electron impact ionization (70 eV) mass spectrometrv* (GC-MS) was performed 

on a Fisons-VG MD-800 analyzer coupled to a Carlo Erba 8000 series gas 

chromatograph fitted with a Fisons A200S autosampler and on-column injector (Fisons 

Instruments. Beverly. M.A). Fisons-VG Lab-Base system software was used for system 

control and data processing. Samples were analyzed on a 0.25mm x 30m DB-5ms 

capillary column (J&W Scientific. Folsom. CA). 

Preparation of Hydroxy Methyl Octadecanoate Standards 

The method of Hamburg and Samuelsson was used to prepare 9- and 13-

hydroperoxy linoleic acid (107). Linoleic (18:2) acid was dissolved in 15 mM 

ammonium hydroxide (125 ml) on ice. Soy lipoxidase (800.000 units) was suspended in 

40 ml of borate buffer (pH 9) on ice. The solutions were combined and stirred on ice for 

1 hour. The reaction was quenched with 50 ml ethanol. 25 ml water, and concentrated 

HCl to pH 3. The mixture was extracted three times with 50 ml of diethyl ether and the 



pooled organic extracts were washed with water and saturated NaCI. The ether was 

removed in vacuo and the resulting oil was stored at 0° C. 

Hydroxy fatty acid methyl esters were prepared from the corresponding 

hydroperoxy fatty acids by treatment with ethereal diazomethane for 30 minutes at 0° C. 

followed by methanolic NaBH4 at room temperature for 30 minutes. Individual 9- and 

13-hydroxy methyl linoleate were separated on a 4.6 .x 250 rrmi Spherisorb 5 micron 

silica HPLC column (Alltech Associates. Deerfield. IL) eluted with hexane/ isopropanol/ 

acetic acid (99:1:0.1 v/v/v) at 1.5 ml min"' and detected by UV absorbance at 235 nm. 

Pure 9- and 13-hydroxymethyl linoleate were characterized by El-GC-MS as 9- or 13-0-

trimethylsilyl ethers of methyl octadecanoate. 

Preparation of 12-Hydroxy Methyl Laurate Standard 

Treatment of 10 mg of 12-hydroxy lauric acid with ethereal diazomethane for 30 

minutes at 0° C. produced the corresponding methyl ester. This product was used 

without further purification. 12-Hydroxymethyl laurate was characterized by electron 

impact ionization GC-MS as the trimethylsilyl derivative. 

Analysis of HFAME in Cells Oxidized with AAPH 

WEHI 7.2 cells (1 x 10^ cells/ mL) (obtained from Dr. Margaret Briehl. 

Department of Pathology. University of Arizona) were oxidized with 50 mM .AAPH at 

37° C for up to 4 hours. Samples (1.0 mL) were supplemented with 100 |iL of 10 mM 



BHT and total lipids were extracted with 3 volumes of chloroform/ methanol (2:1 v/v). 

Following solvent evaporation under a stream of N,. lipid hydroperoxides were reduced 

to alcohols by treatment with 0.5 mL of methanol and approximately 1 mg of NaBH4 for 

30 minutes at room temperature. The reaction was quenched with the addition of 0.5 mL 

of water and two drops of 2M HCl. Lipids were then extracted into 3 volumes of hexane. 

isopropanol (3:2 v/v). The organic e.xtracts were pooled in screw cap Reactivials (Alltech 

Associates. Deerfield. IL). Solvent was evaporated under a stream of N;, and 0.5 mL of 

ethyl acetate and approximately 1 mg of Pt02 was added. The sealed vials were then 

purged with H, for 1 minute and allowed to stand at room temperature for 15 minutes. 

Solvent was evaporated under a stream of N.. lipid and PtO. was resuspended in 

0.5 ml of chloroform and added to silica solid phase extraction columns (1.0 ml. 100 mg. 

.Alltech Associates. Deerfield. IL). Neutral lipids and fatty acids were eluted with a total 

of 2.0 ml of chloroform followed by elution of the phospholipid fraction with a total of 

3.0 ml of 100% methanol. 

Following removal of solvent under a stream of N,. phospholipids were 

supplemented with 25 runol of 12-hydroxy methyl laurate and transesterified with 0.5 ml 

of 500 mM methanolic KOH at room temperature for 30 minutes. The reaction was 

terminated with the addition of 1.0 mL of phosphate buffered saline and fatty acid methyl 

esters were extracted with 3 volumes of hexane. Pooled organic fractions were dried 

under a stream of N, and hydroxy fatty acid methyl esters were derivatized with 500 jil 



toluene containing 1.5% pentafluorobenzoyl chloride, and 0.75% diisopropylethyl amine 

at 65° C for 60 minutes. 

The samples were analyzed by capillary gas chromatography with electron 

capture detection. 1.0 |j.L injections were made on-column at 100° C. After one minute, 

the oven temperature was increased to 210° C at 25° C min' and finally to 270° C at 4.5° 

C min"' for a total analysis time of 33 minutes. The injector temperature was maintained 

3° C above the oven and the detector was maintained at 275° C throughout the run. 

Analysis of HFAME in DLPC Liposomes Oxidized with AAPH 

Dilinoleoyl phosphatidylcholine liposomes were prepared by ethanol injection 

(108). Stock solutions of lipid (30 (j.mol) with or without P-carotene (30 nmol. 0.1 

moI%) was evaporated under N,. The resulting oil was resuspended in 250 |iL ethanol 

and injected into 10 mL of rapidly vortexing phosphate buffered saline (Gibco). thus 

generating small unilamellar vesicles. 

Samples (250 |iL) were drawn and added to 750 |iL water plus 100 i-iL BHT (10 

mM in ethanol). Lipids were extracted with 4.5 mL chloroform, methanol (2:1 v/v). The 

pooled organic fractions were dried under N,. Lipid hydroperoxides were reduced to 

corresponding alcohols with NaBH4 (ca. 1 mg) in 0.5 mL methanol. The reaction was 

terminated with the addition of 1.0 mL of water and extraction with 4.5 mL of 

chloroform/'methanol (2:1, v/v). The organic layer was evaporated under in screw-cap 

Reactivials. Unsaturation in the fatty acids was reduced using rhodium 5% on alumina 



(ca. 1 mg) and in 0.5 mL of methanol. The vials were flushed for 1 minute with H, 

and allowed to sit at room temperature for 30 minutes. Following centrifiigation. the 

methanol supernatant was supplemented with 2.5 nmol of 12-hydroxymethyl laurate 

internal standard and removed and the catalyst was washed twice with 1.0 mL of 

chloroform, methanol 2:1 v/v. The supematants were dried under N2 and the fatty acids 

were transesterified free of the glycerol backbones using 0.5 M KOH in methanol (0.5 

mL) at room temperature for 45 minutes. The reaction was terminated by the addition of 

2.0 mL of 2.0 M phosphate buffer and hydro.xy fatty acid methyl esters were extracted 

with 4.5 mL of hexane. The extracts were evaporated under N, and derivatized with 

1.5% pentafluorobenzoyl chloride and 0.75% diisopropyl ethylamine in toluene (325 |iL) 

at 65° C for 60 minutes. Samples were analyzed by GC-ECD as discussed above. 

Analysis of HFAME in DLPC Liposomes Oxidized with Cigarette Smoke 

Dilinoleoyl phosphatidylcholine liposomes were prepared by ethanol injection as 

discussed above. The liposomal suspensions were oxidized with 200 mL of whole or 

gas-phase cigarette smoke every 15 minutes for 3 hours at 40° C. Smoke was generated 

from research grade 1R3 cigarettes. Whole smoke was untlltered. whereas gas-phase 

smoke was passed through a Cambridge glass fiber filter in-line. Hydro.xy fatty acid 

methyl esters were analyzed as previously discussed for AAPH oxidized liposomes. 



Analysis of Antioxidants in BLPC Liposomes Oxidized with Cigarette Smoke 

Stock solutions of bovine liver phosphatidylcholine (30 i^mol) and appropriate 

amounts of P-carotene and or a-tocopherol (PC 0.4. 0.1. and 0.01 mol%. 120. 30 and 3 

nmol respectively: aTH 0.1 mol%. 30 nmol) were evaporated together under N, and 

resuspended in 250 |iL ethanol. The ethanol mi.xture was injected into vortexing 

phosphate buffered saline to generate small unilamellar vesicles. In experiments 

containing ascorbate. 1 mole ascorbate was added to each 10 mL of phosphate buffered 

saline prior to ethanol injection. 

P-Carotene was measured by reverse-phase HPLC using a Spherisorb ODS2 5 

micron column (Alltech .A.ssociates. Deerfield. IL) with an eiuent of methanol/he.xane 

(85:15. v/v) at 1.5 mL min"'. Detection was by U'V-Vis absorbance at 450 nm. Samples 

(0.5 mL) were extracted with 1.5 mL ethyl acetate, supplemented with a-tocopherol 

propionate as an internal standard, and dried under N.. 

a-Tocopherol was measured by GC-MS as described previously (109). Samples 

(0.5 mL) were extracted with SDS (0.5 mL of 10 mM). ethanol (1.0 mL). and hexane (2.0 

mL). supplemented with d^-a-tocopherol as an internal standard, and dried under N,. 

Trimethyl silyl derivatives were made with the addition of BSTFA containing 10% 

TMCS at room temperature for 2 hours. Samples were then analyzed by capillarv- GC-

MS. 

Ascorbate was determined spectrophotometrically through a modification of the 

method of Butts and Mulvihill (110). Ascorbate reduces ferric iron and a complex forms 



between the resulting ferrous iron and ferrozine which absorbes at 562 nm. Samples 

consisted of 200 |j.L of liposomal suspension. 450 jiL of 2.2 mM ferrozine. 50 |iL of 8.3 

mM ferric ammonium sulfate. 400 jaL water, and 900 |aL ethanol. 

Statistical Analysis 

Resulting data were tested for statistical significance (p<0.05) using ANOV.A.. 



Results 

HFAME Determination by GC-ECD 

A representative chromatogram showing the resolution of the internal standard, 

12-O-pentafluorobenzoyl methyl dodecanote (12-OPFB) and both 9- and 13-0-

pentafluorobenzoyl methyl octadecanoate (9-OPFB and 13-OPFB) is shown in Figure 

3.3. Standard curves of both hydroxy methyl octadecanoate isomers were determined, an 

example of which is shown (Figure 3.4). Standard samples were detected to 2.5 pmol/ 

uL of injected material. 

Validation of GC-ECD Method for the Analysis of HFAME 

In order to show that this assay is able to detect oxidation products of linoleate in 

relevant systems, we have measured the formation of 9- and 13-0-pentafluorobenzoyl 

methyl octadecanoate in both cell and liposomal models systems. The water soluble azo 

initiator azobis[amidinopropane HCl] (AAPH) was used to oxidized both DLPC 

liposomes and WEHI7.2 cells in vitro. E.xposure of DLPC liposomes to 10 mM .AAPH 

for 3 hours at 37° C resulted in an increase in the formation of both 9-OPFB and 13-

OPFB. The total levels of hydroxy fatty acid methyl ester increased 5.1 fold in .AAPH 

treated liposomal samples versus unoxidized controls (Figure 3.5). 
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Figure 3.3 Chromatogram showing the resolution of A. 25 pmol/jiL 12-0 
pentafluorobenzoyi methyl dodecanoate, B 100 pmol/|aL 9-0 
pentafluorobenzoyi methyl octadecanoate. and C 100 pmol/|aL 13-0 
pentafluorobenzoyi methyl octadecanoate by capillary GC-ECD. 
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Figure 3.4 Standard curves for 9- and 13-0-pentafluorobenzoyi methyl octadecanoate 
normalized to 12-0-pentafluorobenzoyl methyl dodecanoate. 
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Figure 3.5 Hydroxy fatty acid methyl ester determination in DLPC liposomes 
oxidized with 10 mM AAPH for up to 3 hours. Each bar is the mean + 
standard error for 4 determinations. Black bars represent 9-0-
pentafluorobenzoyl methyl octadenoate. white bars 13-0-
pentafluorobenzoyl methyl octadecanoate. and hatched bars total HFAME. 
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Hydroxy fatty acid mettiyl ester determination in WEHI 7.2 cells oxidized 
with 50 mM AAPH for up to 4 hours. Each bar is the mean + standard 
error for 4 determinations. Black bars represent 9-0-pentafIuorobenzoyl 
methyl octadenoate. white bars 13-O-pentafluorobenzoyI methyl 
octadecanoate. and hatched bars total HFAME. 



WEHI7.2 cells were exposed to 50 mM AAPH at 37° C for up to 4 hours. Analysis of 

hydroxy fatty acid methyl esters showed an increase in both 9-OPFB and I3-0PFB with 

AAPH treatment. Total HFAME increased from 0.3 nmol/ 10^ cells in control samples to 

19.3 nmol/ 10^ cells in AAPH treated samples (Figure 3.6). 

Lipid Oxidation in DLPC Liposomes E.xposed to Cigarette Smoke 

Gas phase smoke oxidation of DLPC liposomes resulted in a significant increase 

in the formation of hydroxy fatty acid methyl esters (Table 3.1). This result was 

consistent for both individual hydroxy methyl octadecanoate isomers and total HFAME. 

Addition of 0.1 mol% P-carotene attenuated this effect but the reduction in HFAME 

formation was not statistically significant. It is worth noting that the presence of P-

carotene did not lead to an increase in the formation of HFAME over liposomes without 

P-carotene. 

Whole smoke oxidation of DLPC liposomes also resulted in a significant increase 

in the formation of hydroxy fatty acid methyl esters over control liposomes (Table 3.2). 

Whole smoke exposure produced an increase in both HFAME isomers and total hydroxy 

fatty acid methyl esters. Incorporation of 0.1 mol% P-carotene into the liposomal 

membrane resulted in a nonsignificant decrease in the formation of HFAME. Addition of 

P-carotene did not increase HFAME formation in DLPC liposomes oxidized with whole 

smoke. 
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Table 3.1 Hydroxy Fatty Acid Methyl Ester Concentrations ()iM) from DLPC 
Liposomes + 0.1 mol % p-Carotene E.xposed to Gas-Phase Cigarette 
Smoke. 

Time (hours) pC (mol %)'^ HFAME (jiM) 

9-OPFB 13-OPFB Total 

0 0 110.7+18.4" 38.0 + 8.5 148.7 + 26.3 

0 0.1 91.4+18.1 28.0 + 7.6 119.4 + 25.5 

J 0 248.5 +27.3* 157.9+ 17.7* 406.4 + 44.8* 

J 0.1 171.5+30.3 100.5 + 20.2 272.0 + 50.3 

Dilinoleoylphosphatidylcholine liposomes (30 fimol) with or without 0.1 
mol% P-carotene (30 nmol). 
Mean + Standard Error, n = 4. 
Significantly different from Time 0 hour control (p<0.05) 
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Table 3.2 Hydroxy Fatty Acid Methyl Ester Concentrations (|iM) from DLPC 
Liposomes ± 0.1 mol % P-Carotene Exposed to Whole Cigarette Smoke. 

Time (hours) pC (mol HFAME (^M) 

9-OPFB 13-OPFB Total 

0 0 69.9 ± 1.1'' 12.3 + 0.7 82.2+1.4 

0 0.1 53.7 + 5.5 8.7+1.1 62.4 + 6.6 

J 0 132.8+9.8* 22.7 + 2.4* 155.4+12.2* 

J 0.1 105.4+11.6* 14.3 + 2.1 119.7+13.6* 

Dilinoleoylphosphatidylcholine liposomes (30 |jmol) with or without 0.1 
mol% P-carotene (30 nmol). 
Mean + Standard Error, n = 4. 
Significantly different from Time 0 hour control (p<0.05) 



Antioxidant Depletion in BLPC Liposomes Exposed to Cigarette Smoke 

The depletion of P-carotene (0.1 mol%) from BLPC liposomes was followed over 

time in both whole and gas-phase smoke e.xposures. After 3 hours of exposure with 

whole smoke (600 mL total), no significant decrease in p-carotene was seen (Figure 3.7). 

However, gas-phase smoke exposures (600 mL total) under the same conditions resulted 

in a consistent decrease in P-carotene levels to 12.5% of original by 3 hours. Similar 

results were seen for both a-tocopherol and ascorbate. Little or no depletion was 

observed with whole smoke, whereas significant depletion was observed with gas-phase 

smoke (data not shown). 

The disposition of a-tocopherol and ascorbate was examined in BLPC liposomes 

exposed to gas-phase smoke in the presence of varying concentrations of P-carotene. a-

Tocopherol. at 0.1 mol% in this system was spared by P-carotene at 0.01 and 0.4 mol% 

and was uneffected at 0.1 mol% P-carotene (Figure 3.8). .A. similar effect was seen for 

the depletion of ascorbate in the same system. .Ascorbate was spared at 0.01 mol% P-

carotene but no difference was noted at P-carotene concentrations of 0.1 or 0.4 mol% 

(Figure 3.9). It is improtant to note that P-carotene did not increase the depletion of a-

tocopherol or ascorbate significantly over control values in any experiment. 
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Figure 3.7 Depletion of P-carotene 0.1 mol% from BLPC liposomes exposed to 
whole (•) and gas-phase smoke (•). Each point is the mean ± standard 
deviation of three determinations. 



119 

120 

100 

9S 
s 

o 

60 . 

c. 
o 
S 40. 
H 
a 

20 . 

0 J 

Time (hours) 

Figure 3.8 Depletion of a-tocopherol with gas-phase smoke from a BLPC liposomal 
model system containing (•) 0.0 mol%, (•) 0.01 mol%. (•) 0.1 mol%. or 
(•) 0.4 mol% p-carotene. Each point is the mean + standard deviation of 
three determinations. 
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Figure 3.9 Depletion of ascorbate with gas-phase smoke from a BLPC liposomal 
model system containing (A) 0.0 mol%. (•) 0.01 mol%. (•) 0.1 mol%. or 
(•) 0.4 mol% p-carotene. Each point is the mean + standard deviation of 
three determinations. 



Discussion 

A new method has been developed for the analysis of specific products resulting 

from the oxidation of linoleic acid containing lipids. Linoleic acid (18:2) contains a 

pentadienyl unsaturation which upon oxidation generates only two conjugated diene 

hydroperoxides. 9- and I3-hydroperoxy linoleate (Figure 3.1). These products were 

chosen for analysis because they are the first stable products resulting from radical 

mediated oxidation of linoleate containing phospholipids. 

Analysis consists of stepwise modification of these initial products to produce 

stable analytes that can be measured by the common technique of gas chromatography 

with electron capture detection (Figure 3.2). Following extraction of total lipids, 

conjugated diene hydroperoxides are converted to hydroxy conjugated dienes with 

NaBHj. .A second reduction using a catalyst. PtO, or Rh and H, was used to generate 

saturated alcohols. It was necessary to carry out this process in two steps in an effort to 

minimized hydrogenolysis of the hydroperoxy (hydroxy) functionality. Overall, 

reduction of the hydroperoxy dienes to saturated alcohols imparts stability to the analytes 

by limiting further oxidation. In cellular samples reduced total lipid extracts are cleaned 

of neutral lipids and free fatty acids by solid phase chromatography. The result is a 

sample enriched in phospholipids. This procedure was eliminated in liposomal samples 

as only phospholipids were present- The phospholipid fraction was then treated with 

methanolic KOH which releases the fatty acid moieties from the glycerol backbone as 

fatty acid methyl esters. Methylation of the carbo.xylate increases volitility of these 



compounds and facilitates their analysis by GC. The hydroxyl functionality present in 

only oxidized fatty acids is then modified using pentafluorbenzoyl chloride 

derivatization. This strategy provides a tag by which only oxidized lipids will be detected 

during analysis. By derivatizing only oxidized lipid rather than all lipids, background 

signal is decreased significantly. 

This method has the advantage that it measures specific initial products resulting 

from lipid peroxidation. Many previous methods have examined nonspecific products, 

conjugated dienes or thiobarbituric acid reactive substances. Many products can interfere 

with these assays, by absorbing at 235 nm or by forming a complex with thiobarbituric 

acid, and generate artificially high results. This problem has been eliminated through the 

use of capillary gas chromatography as a separation technique (Figure 3.3). .A.nother 

advantage to this new method is the instrumentation utilized. Several very good assays 

have been reported recently for the determination of lipid peroxidation products by mass 

spectrometr\- (105.106). The problem is one of accessibility, instrumentation necessary-

for these analyses are very expensive and require a great deal of expertise to operate. 

This method, on the other hand is dependent only on a capillary gas chromatograph using 

a common detection system, which makes implementation much more practical. 

Validation of the new method has been shown through the measurement of 

hydroxy fatty acid methyl ester production in both cellular and liposomal model systems 

oxidized with the water soluble azo compound AAPH. WEHI7.2 cells showed dramatic 

increase in HFAME levels following exposure to 50 mM AAPH for 4 hours at 37° C. 



Analyses for this system were conducted on samples of approximately 1 million cells, 

which speaks to the utility of the method in examining lipid peroxidation in cell culture 

models. Lipid peroxidation was also analyzed in liposomal model membranes exposed to 

10 mM AAPH for 3 hours. Significant increases were noted for HFAME. showing that 

the method can be applied to this in vitro system as well. 

The question of the whether P-carotene functions as a prooxidant when exposed to 

cigarette smoke under ambient air was addressed in a liposomal model. Exposures to 

both whole (Table 3.1) and gas phase smoke (Table 3.2) increased HFAME levels in 

DLPC liposomes. P-carotene incorporation into the membranes did not increase HFAME 

levels over those of control liposomes without p-carotene. In all cases liposomes with P-

carotene at 0.1 mol% showed lower levels of HFAME than did liposomes without P-

carotene. The disposition of other antioxidants in the presence and absence of P-carotene 

was also examined. Levels of a-tocopherol. the primary lipid soluble antioxidant and 

ascorbate. the primary water soluble antioxidant in vivo were examined following smoke 

exposures. The presence of P-carotene at 0.10, 0.1. and 0.4 mol% either spared or had no 

effect on both a-tocopherol (Figure 3.7) and ascorbate (Figure 3.8) levels upon exposure 

to gas phase smoke. These results all argue against a prooxidant effect of p-carotene in 

this system. Despite extensive smoke-driven P-carotene autoxidation. no enhancement of 

the oxidation of other lipids or antioxidants by P-carotene was observed. 



CHAPTER 4 

SUMMARY 

P-Carotene has been the focus of considerable interest as a potential 

chemopreventive agent for the last 20 years. Recent clinical intervention trials examining 

the effect of supplemental P-carotene on lung cancer incidence have shown a surprising 

increase in lung cancer among subjects receiving P-carotene supplements (9.10). This 

outcome was unexpected based on the previous observational studies (5-8) and abundant 

data on the safety of P-carotene in humans (111). One hypothesis which has been used to 

explain these results has been that P-carotene acts as a prooxidant to increase oxidative 

damage in the smoke exposed lung. Our work, shows that this explanation is not valid at 

least in simple model systems. This conclusion is based on the observations that p-

carotene. although depleted through smoke-driven autoxidation. does not increase lipid 

peroxidation or the rate of depletion of other antioxidants over control experiments 

without P-carotene. 

This research is the first to report on specific interactions resulting between p-

carotene and cigarette smoke in vitro. The overall goal of the project was to characterize 

the chemistry of smoke oxidation of P-carotene in solution and liposomal systems. These 

models were chosen because of their simple, chemically defined nature. Efforts to apply 

the results of these studies to more complex cell culture models are under way in the 

laboratory. 



Specific products resulting from the interactions between P-carotene and cigarette 

smoke have been identified. A novel class of P-carotene oxidation products. 4-nitro-P-

carotene. has been isolated and characterized by UV-vis absorbance. LC-MS and NMR. 

Previously described products. P-apo-carotenals and P-carotene epoxides have also been 

identified. The presence of these major classes of products and knowledge of the 

oxidants present in smoke, has allowed speculation on the mechanism of their formation. 

The characterization of nitro-p-carotene is the first report of a product resulting from the 

interactions of p-carotene with reactive nitrogen species. Recent studies have shown that 

•/-tocopherol, one member of the vitamin E family, is able to effectively scavenge reactive 

nitrogen species including NO; (98.100) and peroxynitrite (99). It is likely that P-

carotene will be shown to complement this action upon further investigation. 

The hypothesis that P-carotene acts as a prooxidant upon exposure to cigarette 

smoke at elevated oxygen partial pressure has been e.xamined. This idea has been used to 

explain the increases in lung cancer noted in both the ATBC and CARET trials. In order 

to conclusively address this question we felt it necessarv* to develop a new assay to 

measure specific products resulting from lipid peroxidation. Hydroperoxy fatty acids are 

the first stable products generated during the peroxidation of polyunsaturated fatty acids. 

A method has been designed to convert hydroperoxy fatty acids contained within 

oxidized lipids to 0-pentafluorobenzoyl fatty acid methyl esters for analysis by gas 

chromatography with electron capture detection. This procedure has been shown to be 

both sensitive and specific for quantifying lipid peroxidation in both liposomal and cell 



culture systems exposed to azo initiators. This methodology was then applied to 

liposomes exposed to cigarette smoke and smoke fractions. Hydroxy fatty acid methyl 

ester levels were no different in liposomes containing P-carotene than those without. 

Likewise, the presence of P-carotene spared or had no effect on the depletion of ascorbate 

or a-tocopherol from liposomal membranes. Thus, it was shown that P-carotene is not a 

prooxidant when exposed to cigarette smoke in vitro. It remains to be seen if these 

observations are maintained in more complex models or in vivo. Preliminary experiments 

in human bronchial epithelial cells have produced similar results to those presented here. 

Several attempts have been made to determine a hierarchy of 

carotenoids/xanthophylls with respect to antioxidative efficiency (52.56.57.96,1 12). 

Unfortunately, these studies have been conducted in several model systems under 

differing conditions and as a result no consistent relationship has been noted. P-Carotene 

is one member of these compounds. The one member which, for good or bad that has 

been studied the most extensively. It is unknown what effect other carotenoids would 

have shown in large clinical trials examining the lung cancer risk in smokers. Based on 

the precedent set with P-carotene those experiments will likely never be conducted. 

Thus, it remains to be seen if the increase in lung cancer risk is uniquely associated with 

P-carotene. 

It is important to note that elevated intake of P-carotene through the consumption 

of a health balanced diet has not been associated with adverse health effects. The 

increase noted in lung cancer incidence in both the ATBC and CARET trials was the 



result of supplementation with pure synthetic P-carotene. This treatment elevated blood 

levels of P-carotene well above those of baseline (15 fold. ATBC. and 10.5 fold C.A.RET) 

(9.10) (see Table 1.1). These increases are higher than those seen in the other large trials 

discussed in which P-carotene supplementation had positive or no effect on cancer 

endpoints (see Table 1.1). 

Much research has exainined the antioxidant (52.53.58.60.113) an/or prooxidant 

(71.79,80) behavior of P-carotene under numerous experimental conditions. Most studies 

that have shown a significant antioxidative effect of p-carotene have done so at high 

levels of p-carotene and in the absence of a-tocopherol. Recent work has shown that P-

carotene participates little in antioxidant pathways under physiologically relevant p-

carotene concentrations in the presence of a-tocopherol (62). Likewise, experiments 

suggesting P-carotene to be a prooxidant were conducted under atmospheres of 100% O.. 

Thus, the activity of p-carotene as either an antioxidant or a prooxidant under 

physiologically relevant conditions is tenuous. It is possible that in vivo, under 

physiologic conditions, and in the presence of several classes of lipid and water soluble 

antioxidants, that P-carotene plays a small role in the overall antioxidant/prooxidant 

balance. 

If P-carotene is not a prooxidant when exposed to cigarette smoke under oxygen 

concentrations equivalent to those in the lung, then what explains the results seen in the 
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Figure 4.1 Revised scheme for the effect(s) of p-carotene in smoke exposed lung. 



clinical trials? A potential mechanism by which P-carotene supplementation may 

increase lung cancer may be through the elevation of P-carotene levels to a point where 

oxidation products resulting from smoke exposure can accumulate and produce a 

biological effect. Several potential targets exist. Recently it has been reported that P-

apo-8"-carotenal. an oxidation product of P-carotene. can induce the levels and activity of 

cytochromes P450 in the rat (114.115). One of the isoforms induced in these experiments 

was CYP lAI (114.115). which is responsible for the metabolism of benzo[a]pyrene to 

its carcinogenic diol-epoxide. This compound has been shown to form characteristic 

mutations in hot spots in the p53 tumor suppressor gene (116). Another possible target 

could be endogenous retinoic acid receptors, a member of a superfamily of nuclear 

ligand-activated transcription factors (117). A smoke-derived oxidation product(s) of P-

carotene may act as an antagonist for one or more of these receptors, which regulate 

cellular differentiation and proliferation (118). p-Carotene has also been shown to 

decrease apoptosis in individuals infected with H. pylori (119). Thus, either P-carotene 

or a product(s) could effect the balance between mitogenesis and apoptosis resulting in a 

proliferation of initiated cells. It is clear that more research is necessary to determine the 

exact mechanism by which P-carotene supplementation increases lung cancer incidence 

in smokers. 

Millions of people world wide are at risk for developing lung cancer because of 

current or former smoking. It was thought, with good reason, that supplementation with 

P-carotene could reduce the incidence and mortality associated with lung cancer in this 



population. Unfortunately, this was not to be. It has been proposed that the increase in 

lung cancer noted in two large populations of smoking volunteers given p-carotene was 

due to a prooxidant action of P-carotene. This current work argues that a potential 

prooxidant effect of P-carotene upon smoke exposure is unlikely to be the answer. 
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