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The effect of  the  partial  pressure  of  oxygen (p02) on 
the  antioxidant  reactions  of all-trans-& @-carotene 
(BC) was investigated  in  a  soybean  phosphatidylcho- 
line liposome  system.  Peroxyl  radicals  generated  by 
thermolysis  of azo-bis(2,4-dimethylvaleronitrile) at 
37 OC initiated  lipid  peroxidation. BC inhibited  lipid 
peroxidation,  which was monitored by  conjugated 
diene  formation,  by up to 70% versus  control  at 160 
and 15 torr 02. In contrast,  at 760 torr O2 the  maxi- 
mum inhibition  was  approximately 40% versus  control 
and  inhibition  was less reproducible.  Peroxyl  radicals 
oxidized BC to 5,6-epoxy-&&carotene and several un- 
identified  polar  products.  The rates of  both  product 
formation  and BC consumption  were significantly 
higher  at 160 torr  than  at 16 torr 02. However,  at 160 
and 760 torr 02, the rates of  product  formation  and 
BC depletion  were  similar. In liposomes  without  azo- 
bis(2,4-dimethylvaleronitrile), BC depletion  at 160 
torr was only 64% that  at 760 torr 02. These  results 
suggest  that  both  radical  trapping  and  autoxidation 
reactions consume  BC  and  that  the latter  are  acceler- 
ated by high p02. Autoxidation  consumes BC without 
scavenging  peroxyl  radicals  and may attenuate BC 
antioxidant activity, especially at high p02. The  simi- 
larity in its antioxidant effects at 15 and 160 torr O2 
suggests  that BC could  provide  antioxidant  protection 
to any  tissue  within  the  normal  physiologic  range  of 
P02. 

BC’ and  other carotenoids are  attractive  agents for cancer 
chemoprevention. These pigments are essentially nontoxic 
(1-3) and occur naturally  in most fruits  and vegetables. Most 
importantly, several lines of investigation provide evidence 
for the anticarcinogenic activity of BC.  Epidemiologic studies 
suggest that human cancer risk, particularly lung cancer risk, 
is inversely correlated with dietary  intake (4-6) and blood 
levels (7-9) of BC. I n  uiuo, BC protects against chemical 
carcinogenesis in rodent models  (10-13) and causes regression 
of oral precancerous lesions in humans who  chew betel quid 
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(14). I n  vitro, BC inhibits physically (15) or chemically in- 
duced (15, 16) neoplastic transformation of cultured cells. 

BC is thought to protect against carcinogenesis by scaveng- 
ing radicals involved in tumor formation (17). Indeed, in 
several systems BC inhibits radical-mediated damage (18). 
BC suppresses CC1,-induced lipid peroxidation in uiuo (19). 
The pigment improves viability in yeast under oxidative stress 
induced by either hyperoxia or duroquinone, a redox-cycling 
quinone (20). In liposomes, BC inhibits lipid peroxidation 
initiated by singlet oxygen and iron salts (21). 

Burton  and Ingold (22) observed that BC inhibits peroxyl 
radical-initiated autoxidation of both  tetralin  and methyl 
linoleate in solution and  that BC is a more  effective antioxi- 
dant  at  15  torr O2 than  at 150 torr.  Others have observed a 
modest increase in BC antioxidant action in liposomes at 15 
torr O2 (23) and at about 4 torr 0, in microsomes (24). Burton 
and Ingold proposed that peroxyl radicals add to BC to form 
a resonance-stabilized, carbon-centered BC radical adduct 
(Equation 1). 

BC + ROO’ + ROO-BC’ (1) 

Addition of a second peroxyl radical to  the adduct (Equation 
2) produces a nonradical product and results in an overall 
trapping of two peroxyl radicals per BC consumed. 

ROO-BC’ + ROO’ + nonradical products (2) 

Alternatively, the initial adduct also may add oxygen reuers- 
ibly (Equation  3) in a reaction that yields a reactive peroxyl 
radical and is accelerated by increasing p02. 

ROO-BC’ + 02 C, ROO-BC-00‘ (3) 

This effect could have important implications i n  uiuo, because 
p02 variations between tissues could affect the extent to which 
BC affords protection against radical injury. 

In  this  paper, we use the  term autoxidation to describe BC 
consumption by reaction sequences such as Equation 1,  then 
Equation 3,  which consume BC without resulting in any  net 
trapping of free radicals. In  contrast, antioxidant reactions 
consist of reaction sequences such as Equation 1, then Equa- 
tion 2, in which  BC consumption results in a  net consumption 
of radicals. Both reactions consume BC, but only antioxidant 
reactions reduce the number of radicals in the system. 

Recently, we showed that in solution BC reacts with peroxyl 
radicals to form 5,6-epoxy-P,P-carotene and 15,15’-epoxy-P,P- 
carotene, as well as several unidentified polar products (25). 
The products of peroxyl radical trapping by  BC in lipid 
bilayers have not been determined. The purpose of this study 
was to compare the effect of  PO, on BC antioxidant activity 
and on BC oxidation in a biomimetic system and  to identify 
products of BC oxidation by peroxyl radicals in lipid bilayers. 
Because BC is associated with membrane fractions in uivo, 
we chose phospholipid liposomes to model the lipid bilayer 

4658 

This is an Open Access article under the CC BY license.

http://creativecommons.org/licenses/by/4.0/


Radical  Scavenging by ,&Carotene 4659 

environment. BC inhibited AMVN-initiated lipid peroxida- 
tion more  effectively at 160 or 15 torr O2 than  at 760 torr 02. 
The rates of  BC depletion and BC oxidation product forma- 
tion in liposomes also were affected by pO2. Although in- 
creased p02 may attenuate BC antioxidant efficiency,  BC 
exerted significant antioxidant effects throughout the physi- 
ologic range of p02. 

EXPERIMENTAL PROCEDURES 

Chemicals-SPC (type 11143) was purchased from Sigma; AMVN 
from Polysciences (Warrington, PA); BC from Fluka (Ronkonkoma, 
NY). [10,10’,11,11’-14C]BC  (53.7 mCi/mmol) was a generous gift from 
Drs. Lawrence J. Machlin and  Peter F. Sorter (Hoffman-LaRoche 
Co.) and was purified by HPLC immediately prior to use (25). All 
other chemicals were  of the highest grade available. All procedures 
with BC and its oxidation products were performed under reduced 
light. 

Liposome Preparation and Incubation Conditions-Multilamellar 
liposomes were prepared by modification of published methods (26). 
A SPC stock solution in CHC13, an AMVN stock solution in hexane, 
and a freshly prepared CHCls solution of BC were added to a silanized 
glass chamber and evaporated under NZ. In some experiments, about 
45 nCi of [“CIBC was added prior to solvent evaporation. The 
resulting thin, dry lipid film  was resuspended in 10 ml  of air-saturated, 
Chelex-treated 50 mM Tris-HC1,  100 mM NaCl, pH 7.0,  by brief bath 
sonication to a final SPC concentration of 0.5 mM. The AMVN 
concentration was 20  mol % based on phospholipid. It should be 
noted that liposomes containing more BC than 0.5  mol % are difficult 
to prepare because BC tends to crystallize out  in the aqueous buffer 
during sonication. For some experiments, the buffer was sparged at 
37 “C with either 100% 0 2  or  a Nz:02 mixture where p0z = 15  torr 
prior to liposome preparation. Liposome suspensions were incubated 
in  the dark at 37 “C with stirring in a YSI standard  bath assembly 
(Yellow Springs Instruments, Yellow Springs, OH).  Incubations were 
performed under air (PO, = 160 torr) or a constant humidified flow 
of either 100% 0, or a N2:O2 mixture, where pOz = 15 torr. The PO, 
of the incubations was measured with a YSI  model  5300  biological 
oxygen monitor (Yellow Springs Instruments, Yellow Springs, OH) 
equipped with Clark type electrodes prepared with high sensitivity 
membranes. 

Identification of BC Oxidation Products-To identify BC oxidation 
products, a 100 ml-liposome suspension was incubated under air  at 
37 “C for 4  h, then extracted three times with 150 ml of hex- 
ane:isopropanol (3:2, v/v). The combined hexane extracts were evap- 
orated  in  uacw, then dissolved in HPLC mobile phase and analyzed 
by reverse phase DAD-HPLC on  a 4.6 X 250  mm, 10 micron, What- 
man  Partisil ODS-2 analytical column eluted with methanokhexane 
(8515, v/v) at 1.5 ml min” (25). The 5,g-epoxide was purified further 
with a Spherisorb CN, 5-pm, 4.6 X 250  mm analytical column eluted 
with hexane:ethyl acetate (99.960.04, v/v) at 1.5 ml min-l. The 
purified sample was collected and analyzed by mass spectrometry in 
the College  of Pharmacy Mass Spectrometry Center. The sample was 
introduced by direct probe insertion and ionized with a 70-eV electron 
beam. 

Assays-BC and its oxidation products were assayed radio- 
chemically as described (25). In all product formation experiments, 
the  total BC concentration was 0.5 mol %. Liposomes were incubated 
as described above, aliquots (1 ml) of liposomes were extracted twice 
with 1.5  ml  of hexane:isopropanol (3:2, v/v), and  the extracts were 
evaporated under Nz. The residue was dissolved in HPLC mobile 
phase and analyzed by reverse phase HPLC  as described above. 
Radiolabeled BC and  its products were detected by collecting 0.4 min 
fractions, which  were assayed for “C  by liquid scintillation counting. 
All-trans-BC and cis isomers of  BC were quantified together as  total 
BC since cis-BC is not  an oxidation product, although isomerization 
may be radical-catalyzed. Conjugated dienes were measured by mod- 
ification of published methods (27). Aliquots (0.35 ml) of liposome 
incubations were extracted twice with 1.0 ml of ch1oroform:methanol 
(2:1, v/v), and 1 ml  of the chloroform (lower) layer was evaporated 
under Nz. The residue was dissolved in 1 ml  of hexane, and  the 
average absorbance from 230-236 nm  was measured. The increase in 
this value over the time zero value is  termed “net conjugated diene 
absorbance” and is given in absorbance units. 

RESULTS 

Effect of  pO2 on AMVN-initiuted Lipid Peroridation-At 
37 “C, the lipid-soluble azo-compound AMVN thermolyses 
and a fraction of carbon-centered radicals produced react 
immediately with oxygen to form the corresponding peroxyl 
radicals. The pro-oxidant effects of AMVN-derived peroxyl 
radicals on SPC liposomes were assessed spectroscopically by 
measuring conjugated diene absorbance. At  a concentration 
of  20 mol %, AMVN initiated a nearly linear increase in 
conjugated diene absorbance from liposomes incubated under 
air (Fig. 1). The time course of conjugated diene formation 
was linear for 6 h under all three p02 conditions (data  not 
shown); however, net conjugated diene absorbance increased 
with increasing pOz. The  net conjugated diene absorbance 
increase during a 6-h incubation was 0.220 f 0.054 (n = 18) 
at 15 torr 02, 0.335 f 0.068 (n = 28) at 160 torr,  and 0.445 f 
0.103 (n = 22) a t  760 torr. Thus  the  rate of peroxidation 
increased by  1.5-fold from 15 to 160 torr  and doubled from 15 
to 760 torr. The enhancement by p02 in the liposome system 
is greater than  that observed for similar oxidations in homo- 
geneous solution (22). 

Effect of p 0 2  on Inhibition of Lipid Peroxidation by BC- 
Incorporation of 0.38 mol% BC into  SPC liposomes partially 
suppressed AMVN-dependent lipid peroxidation under air 
(Fig. 1). Net conjugated diene absorbance at 6 h was inhibited 
69% uersus a parallel incubation without BC. Using net 
conjugated diene absorbance at 6 h as  an index of lipid 
peroxidation, we examined the effect of BC concentration on 
AMVN-initiated lipid peroxidation in SPC liposomes. Lipo- 
somes with and without BC were incubated for 6 h at 37 “C 
under 160, 760, or 15 torr 02. Incubations without BC served 
as controls to correct for the dependence of lipid peroxidation 
rate on p02. Under air or low p02, BC inhibited conjugated 
diene absorbance in a concentration-dependent  manner at 
concentrations less than 0.3  mol % (Fig. 2). At  BC concentra- 
tions greater than 0.3  mol % inhibition remained constant at 
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FIG. 1. Effect of BC on conjugated diene formation in SPC 

liposomes challenged with AMVN-derived peroxyl radicals. 
Liposomes contained 20  mol 7% AMVN and  either  no BC (0) or 0.38 
mol % BC (V). Results are expressed as  the mean k SD ( n  = 3). 
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FIG. 2. Effect of p 0 ~  on inhibition of conjugated diene for- 
mation by BC in SPC liposomes challenged with 20 mol % 
AMVN. Liposomes were incubated at 160 torr (O), 760 torr (O), or 
15 torr 0, (V) as described under “Experimental Procedures.” Each 
point  represents one 6-h experiment. 
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approximately 70%. In contrast, at 760 torr O2 BC inhibition 
of lipid peroxidation apparently was not  concentration-de- 
pendent (Fig. 2). Furthermore, under these conditions the 
maximum inhibition achieved was approximately 40% uersus 
control  and the degree of inhibition was far less consistent 
than under 160 or 15  torr Oz. 

Effect of PO:! on AMVN-independent BC  Depletion-To 
determine the background rate of BC depletion in phospho- 
lipid bilayers, BC-loaded SPC liposomes  were prepared with- 
out AMVN and incubated at 37 “C. At 6  and 12 h, aliquots 
were taken  and analyzed as described above. The  rate of BC 
depletion from  liposomes without AMVN increased as  p02 
increased. After 6 h, BC was depleted by 29 f 4% (n = 3) at 
15  torr 0 2 ,  by  37 f 6%  (n = 3) at 160 torr,  and by 58 -C 7% 
(n  = 3) at 760 torr. At 12 h, BC  was depleted further  and  the 
extent of depletion also was pO,-dependent (data  not shown). 
HPLC chromatograms of the products from these incubations 
appeared identical with those observed for AMVN-dependent 
BC depletion (see below) except that smaller amounts of 
products were present  (data  not shown). However, the appar- 
ent product yield did increase with increasing p02. 

BC Oxidation Products Formed in SPC Liposomes-To 
determine the BC oxidation products formed during BC an- 
tioxidant protection of lipid bilayers, SPC liposomes contain- 
ing 0.5  mol % BC and 20 mol % AMVN  were incubated under 
air  at 37 “C for 4 h.  BC and products  then were extracted  and 
analyzed by  reverse phase DAD-HPLC. Two fractions of 
products were separated. Fraction A was retained poorly on 
the reverse phase column and contained several peaks that 
absorbed strongly between 200 and 350 nm. Previous studies 
of the corresponding polar product fraction from AMVN- 
initiated BC oxidation in hexane suggest that  this fraction 
contains a mixture of volatile, low molecular weight aldehydes 
and ketones (25). This product fraction was not  further  char- 
acterized. Fraction  B  eluted  as  a single peak at 6 min on the 
reverse phase column and absorbed strongly at 450  nm.  DAD- 
HPLC analysis of this peak indicated a UV spectrum with a 
maximum at 444 nm (in mobile phase) consistent with pub- 
lished spectra of 5,6-epoxy-P,P-carotene (25). This product 
was purified further for mass spectral analysis by cyano 
column chromatography (25). This fraction actually was sub- 
jected to cyano column HPLC several times  as chromatogra- 
phy conditions were optimized. This repeated chromatogra- 
phy resulted in the rearrangement of the 5,6-epoxide to  the 
corresponding furanoid derivative, 5,8-epoxy-&P-carotene, 
which was identified by UV spectroscopy and mass spectrom- 
etry. The UV and mass spectra obtained virtually matched 
those previously published (28,29). The 5,8-epoxide displayed 
UV maxima (in hexane) at 404,  426, and 452 nm and mass 
spectral signals at m/z 552 (M+,  loo%), 550 (76), 472 (43), 
406 (14), 336 (27), 205 (49). 

Effect of p o p  on BC Oxidation Product Formation in  SPC 
Liposomes-To examine further how pOz affects BC antioxi- 
dant reactions, we investigated the effect of pOz on the for- 
mation of BC oxidation products. Liposomes with 0.5  mol % 
[‘*C]BC  were subjected to AMVN-initiated peroxidation at 
160, 760, or 15  torr 02. Aliquots of the liposome suspensions 
then were extracted  and analyzed by reverse phase  HPLC. 
Peroxyl radical oxidation of  BC in liposomes yielded both 5,6- 
epoxide and fraction A products (Fig. 3) under all pOz condi- 
tions. Although [14C]BC  was purified immediately prior to 
use, a small percentage of  BC (about  15%) was  oxidized during 
liposome preparation. The rates of BC consumption and 
product formation increased from 15 to 160 torr Oz, although 
these  rates did not increase significantly from 160 to 760 torr 
O2 (Figs. 4-6). BC  levels  were depleted to less than 20% of 
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time, min 
FIG. 3. HPLC analysis of products formed from [I4C]BC and 

AMVN-derived peroxyl radicals  in SPC liposomes. Liposomes 
were incubated as described  under  “Experimental  Procedures.” HPLC 
of the liposome extracts separated the radiolabeled  products into 
polar  products (A), 5,6-epoxy-&B-carotene ( B ) ,  and BC, the all-tram 
isomer  followed by a  mixture  of cis isomers. 
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FIG. 4. Effect of pOz on the  rate of [14C]BC depletion from 
AMVN-challenged SPC liposomes. Liposomes were incubated at 
760 torr (O), 160 torr (O), or 15 torr 0, (V) as described  under 
“Experimental Procedures.” Results are expressed as the mean f SD 
(n = 3), except at time zero,  where the results are the mean  of two 
determinations. Asterisks indicate significant difference ( p  < 0.05) 
between points at 15 torr 0, versus 160 or 760 torr 02. 
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FIG. 5. Effect of  pOz on the  rate of polar product formation 

from [14C]BC in AMVN-challenged SPC liposomes. Liposomes 
were incubated at 760 torr (O), 160 torr (O), or 15 torr 0 2  (V) as 
described  under  “Experimental  Procedures.” Results are expressed as 
the mean SD (n = 3), except at time  zero,  where the results are the 
mean  of  two determinations. Asterisks indicate significant difference 
( p  < 0.05) between points at 15 torr 0, versus 160 or 760 torr 0 2 .  

total radiolabel in 6  h under 160 and 760 torr 0 2 .  Under low 
PO, conditions BC  was  oxidized less rapidly, to  just 47% of 
total radiolabel in  6 h. Under all pOz conditions, the amount 
of radiolabel associated with fraction A increased rapidly 
throughout the incubation. However, at 160 and 760 torr 0 2 ,  

the rate of fraction  A formation was approximately twice that 
at 15  torr Oz (Fig. 5). Similarly, the  rate of epoxide formation 
and disappearance was similar at 160 and 760 torr O2 (Fig. 6). 
Under these conditions the amount of epoxide reached a 
maximum at 4  h  and  then declined. In  contrast, at 15  torr O2 
epoxide  levels increased more  slowly throughout the incuba- 
tion. Thus, at 160 and 760 torr Oz rates of BC depletion and 
product formation were virtually identical. The yields of epox- 
ides and polar products  as percent of BC consumed are 
presented in Table I. These  data indicate that epoxide  yield 
was about twice as high at 15  torr O2 as at 160 or 760 torr  and 
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FIG. 6. Effect of pOz on the rate of 5,6-epoxy-&&carotene 
formation from [‘“CIBC in AMVN-challenged SPC liposomes. 
Liposomes were incubated at 760 torr (U), 160 torr (O), or 15 torr 0, 
(V) as described under “Experimental Procedures.” Results are ex- 
pressed as  the mean f SD ( n  = 3), except a t  time zero, where the 
results  are the mean of two determinations. Asterisk indicates signif- 
icant difference (p < 0.05) between points at 15 torr 0, versus 160 or 
760 torr 02. 

TABLE I 
Effect of pOz on yields of epoxide and polar products 

in SPC liposomes 
Product yields are expressed as percent of  BC consumed. 

Time 
Epoxide products Polar products 

15 torr 160torr  760torr 15 torr 160 torr 760torr 
h 
2 18f4  20f5  18f3  79f2  80f5  82f3 
4 20f8  14f2  15f6  77f6  86k2  85f5 
6 1 9 f 9   8 f 2   9 f 4   7 8 f 7   9 2 f 2   9 1 f 4  

that polar product yield  was correspondingly lower at 15 torr 
than  at 160 or 760 torr. Moreover, epoxide  yield  was relatively 
stable at 15 torr,  but declined with time at 160 and 760 torr. 

Preliminary experiments demonstrated that our extraction 
method yielded greater than 95% recovery of  [14C]BC from 
SPC liposomes.  However, in all experiments we observed a 
consistent decrease over time in the amount of radiolabel 
recovered during BC oxidation. Furthermore, the recovery of 
radiolabel also decreased with increasing p02.  The minimum 
radiolabel recovery  was 53% at 6  h under 760 torr 02. Addi- 
tional experiments indicated that  the unrecovered radiolabel 
remained in the aqueous phase of the extractions  (data  not 
shown). These findings suggest that  the unrecovered radio- 
label was present  as oxidation products that were too polar to 
be  extracted efficiently into hexane:isopropanol (3:2, v/v). If 
the unrecovered radiolabel would elute with HPLC  fraction 
A,  we may  have underestimated the size of the polar product 
fraction at 6  h by about  15% at 760 torr O2 and by 15 and 
40% at 160 and 15 torr 02, respectively. However, the  data in 
Figs. 4-6 represent the distribution of extractable radiolabel 
only. Measurements taken at later time points  are most 
affected by this finding. 

DISCUSSION 

An ideal antioxidant is consumed only by radical trapping 
reactions, which produce an antioxidant effect. Autoxidation 
reactions, which consume antioxidant without trapping radi- 
cals, produce no antioxidant effect. Antioxidant efficiency 
thus depends on the balance between radical trapping  and 
autoxidation reactions. The work of Burton  and Ingold (22) 
suggested that  p02 may  be an important  determinant of  BC 
antioxidant efficiency. We found that  p02 affects BC oxida- 
tion product formation as well as BC antioxidant efficiency. 
At pop above the physiologic range, BC antioxidant efficiency 
was diminished and  the rate of BC oxidation and oxidation 
product formation was accelerated (Figs. 4-6).  However, the 

loss of  BC antioxidant efficiency at high  pOz appeared to be 
due to increased BC oxidation by reaction pathways that do 
not  contribute  antioxidant activity. Therefore, pop apparently 
affects BC antioxidant efficiency by modulating BC autoxi- 
dation. 

Radical scavenging by  BC in this system is most effective 
in the physiological range of pop. When corrected for the 
effect of pOz alone, BC antioxidant activity was the same at 
160 and 15 torr 02; at either p02, BC inhibited lipid peroxi- 
dation by up to 70% (Fig. 2). Vile and  Winterbourne (24) also 
have shown BC antioxidant activity to be the same at similar 
p02. They  and  others have investigated the effect of p02 on 
BC antioxidant  action (22-24). These studies, done with 
different experimental systems and with different lipid per- 
oxidation assays, indicate that improvement in BC antioxi- 
dant activity is modest when the  data are corrected for the 
effect of  low p02 alone. In our experiments at 760 torr 0 2 ,  BC 
was a much less effective antioxidant (Fig. 2). Such poor 
antioxidant performance at high p02 has been  observed in 
other experimental systems (22, 30). This loss in antioxidant 
efficiency  may  be explained in part by the effect of increased 
p02 on the  rate of uninhibited lipid peroxidation. We found 
that  at 760 torr Oz, the  rate of lipid peroxidation in liposomes 
without BC  was increased by 33% versus that  at 160 torr 02. 
This enhancement of lipid peroxidation by increased p02 in 
liposomes is much more pronounced than  in homogeneous 
solution (22) and may reflect differences in the physical 
properties of homogeneous solutions versus the lipid bilayer. 
The increased peroxyl radical flux at 760 torr O2 conceivably 
could accelerate BC consumption and overwhelm its  antioxi- 
dant effect. Were this  true, the rate of BC depletion at 760 
torr O2 would  be much greater than  at 160 torr 02. However, 
BC was consumed at nearly identical rates at 160 and 760 
torr O2 (Fig. 4). 

Our results may be better explained by the partitioning of 
BC oxidation between one radical trapping  and two autoxi- 
dation pathways as  a function of p02 (Fig. 7). The first  step 
in all three pathways is peroxyl radical addition to  the polyene 
chain. In pathway A, the peroxyl adduct collapses to form an 
epoxide and  to release an alkoxy1 radical. This is an autoxi- 
dative pathway for BC oxidation, since it yields a  net radical 
consumption of zero. In pathway B, a second peroxyl radical 
adds to  the BC peroxyl adduct to form a bis-peroxyl adduct. 
This antioxidant pathway formally traps two peroxyl radicals 
for each BC consumed. In pathway C,  oxygen adds reversibly 

OOR 
I .  

ROO. \ / 
MULTIPLE 

POLAR PRODUCTS 
.. . . .. . .  

FIG. 7. Proposed reaction pathways of  BC during peroxyl 
radical-initiated lipid peroxidation in lipid bilayers. The rad- 
ical adduct formed by addition of ROO ’ to BC is delocalized through- 
out the polyene system. The adducts formed by addition of ROO’ 
and O2 in pathways B and C, respectively, are representative of 
several possible adducts that may be formed by additions to various 
positions on the carotenoid polyene. See text for further discussion. 
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to the BC peroxyl adduct to form a reactive peroxyl radical, 
which may then oxidize another BC  molecule. Net radical 
consumption by this pathway is zero, and BC is consumed 
without producing an antioxidant effect. 

Because  oxygen adds reversibly to the BC-radical adduct, 
the extent  to which pathway C  contributes to BC consumption 
is determined by pOz. At high pOz, oxygen addition to  the 
BC-radical adduct is favored, BC-derived peroxyl radicals are 
formed, and BC is consumed largely  by autoxidation (pathway 
C ) .  At low  pOz, oxygen addition to the BC-radical adduct is 
less favored, and  the adduct may trap a second peroxyl radical 
to produce an antioxidant effect (pathway B).  Thus  the de- 
crease in BC antioxidant efficiency at 760 torr Oz may reflect 
a shift  in BC consumption to pathway C from pathways A 
and B, even though the overall rate of BC consumption may 
not be changed. It should be emphasized that BC is probably 
consumed by all three pathways under all conditions and  that 
changes in BC antioxidant action are due to changes in the 
relative contribution of each pathway to BC oxidation. A 
similar partitioning of intermediates between competing an- 
tioxidant  and autoxidative pathways was postulated to govern 
prooxidant and  antioxidant  actions of 13-cis-retinoic acid in 
rat liver  microsomes  (31). 

Pathways B  and  C  both  apparently form products that elute 
with the polar fraction, but  these  products have not yet been 
identified. Consequently, we cannot yet detect the proposed 
POz-dependent shift between oxidation pathways B and C on 
the basis of polar product composition. Identification of polar 
products from  high and low p02 oxidations certainly would 
provide a useful test of our hypothesis (see below). The  data 
presented here indicate that increased PO, decreased epoxide 
yield (via pathway A) at 160 and 760 torr relative to  that  at 
15  torr (Table  I). Although this could reflect a higher epoxide 
yield at low pOz, the decline in epoxide  yield with time 
suggests that  it also reflects further oxidation of the epoxides 
at higher pOz. 

BC antioxidant efficiency appears to be limited by “back- 
ground” oxidation of BC in the absence of the initiator 
AMVN. This BC oxidation is probably initiated by traces of 
lipid hydroperoxide present in the SPC,  as the  rate of AMVN- 
independent BC oxidation was greater in liposomes prepared 
with stored SPC  than in liposomes prepared with freshly 
HPLC-purified SPC.’ Catalysis by trace metal ions, particu- 
larly iron, would initiate radical formation (32). As with 
AMVN-initiated oxidation, AMVN-independent BC oxida- 
tion is accelerated by increased pOz and  appears to yield a 
similar product distribution. Although enhanced background 
oxidation of BC occurs at high pO2, this did not  appear to 
accelerate the oxidation of other components of the liposome 
system. For example, Figs. 2 and  4 indicate that BC is con- 
sumed faster at 160 torr O2 than  at 15 torr while producing 
the same antioxidant effect. This suggests that BC-derived 
peroxyl radicals react more rapidly with BC than with poly- 
unsaturated lipids in  the system. The high background oxi- 
dation  rate for  BC in liposomes contrasts with the marked 
stability of a-tocopherol, which is a much more effective 
antioxidant than BC in this liposome system under an air 
atmosphere (33). Indeed, in membranes containing  both an- 
tioxidants, a-tocopherol might increase the antioxidant effec- 
tiveness of  BC  by suppressing BC autoxidation. 

Peroxyl radical oxidation of  BC in liposomes results in a 
product profile similar to  that in solution (25). One notable 
difference is that  the 15,15’-epoxy-B,P-carotene was not de- 
tected in any liposome incubation, although it was a major 
epoxide product formed by peroxyl radical oxidation of BC in 

T. A. Kennedy and D. C.  Liebler, unpublished observations. 

solution (25). This observation suggests that BC is oriented 
perpendicular to  the plane of the bilayer such that  the central 
15,15’-double bond is located in  the central hydrophobic 
region of the bilayer. This  orientation could preclude attack 
at  the 15,15‘-double bond by lipid peroxyl radicals, which 
may partition toward the hydrophilic membrane surface due 
to  their polarity (34). The orientation of BC in lipid bilayers 
appears to vary with the phospholipid composition of the lipid 
bilayer (35). Nevertheless, attack at  the terminal double bonds 
of BC seems to be preferred in this model system. Other 
studies suggest that BC  may also aggregate within the lipid 
bilayer (36). Aggregation of BC  may help explain the observed 
plateau in antioxidant activity at high BC concentration. 

Polar products comprised the major product fraction in 
liposomes (Fig. 3). Although the polar products formed from 
BC oxidation in liposomes have not been characterized, a 
similar product fraction formed by  BC oxidation in solution 
was found to contain volatile, low molecular weight carbonyl 
compounds (25). In liposomes, as  in solution, polar products 
were formed from the initial stages of BC oxidation. The rapid 
rate of polar product formation suggests that polar products 
may arise directly from  BC (pathways  B  and C) as well as 
from epoxide oxidation (pathway A). Polar products were also 
formed during AMVN-independent BC depletion in lipo- 
somes (see “Results”). Although some of these products may 
be derived from epoxide oxidation, most are probably products 
of pathways B  and C. At  least some of these polar products 
are unique to either pathway B or C. Further characterization 
of the polar products may support  this hypothesis. 

The antioxidant effectiveness of  BC in living tissues was 
postulated by Burton  and Ingold to depend on tissue pOz (22). 
Their  studies in homogeneous solutions indicated that BC 
antioxidant efficiency diminished with increasing pOz and 
that BC actually displayed pro-oxidant properties at high p02 
(760 torr). Although BC antioxidant efficiency in  our liposome 
model also declined at high  pOz  (760 torr), our data indicated 
no difference between BC antioxidant effectiveness at 160 
and 15 torr 02. We therefore propose that BC  would exert 
antioxidant  actions at higher physiologic  pOz (e.g. 160 torr) 
and  that BC could be as effective an antioxidant in lung, for 
example, as  in  other tissues. The antioxidant effectiveness of 
BC in the lung is of interest because several epidemiologic 
studies suggest that dietary BC consumption reduces the risk 
of lung cancer (reviewed in Ref. 37). Since carotenoids are 
thought to inhibit carcinogenesis through  their  antioxidant 
actions, BC may reasonably be postulated to exert  antioxidant 
effects in  the lung, where the pOz is close to 160 torr. Although 
the dependence of BC antioxidant chemistry on PO,  may not 
influence its  antioxidant effects greatly under physiologic 
conditions, PO, effects may provide valuable insight into BC 
antioxidant chemistry. Further investigations of these effects 
are  in progress in our laboratory. 
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